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Vorwort des Herausgebers  
Dieses Heft ist die kumulative Promotionsschrift von Dr.-Ing. Ivan Isailović, M.Sc. 
Die Arbeit ist der experimentellen Analyse des Verhaltens von Asphalt unter zykli-
scher Dauerbelastung gewidmet. Sie besteht aus 2 Teilen. Der erste Teil bildet die 
inhaltliche Klammer, der zweite Teil enthält 7 Publikationen: 6 reviewte Journalbei-
träge und ein reviewtes Konferenzpaper, alle in englischer Sprache. Ivan Isailović ist 
bei allen Publikationen, die in Kooperationen mit unterschiedlichen Mitautoren ent-
standen sind, der Erstautor. In der ersten Publikation (A) vergleicht er mit Hilfe der 
Auswertung der während des Versuchs dissipierten Energie den in Deutschland weit 
verbreiteten Spaltzug-Schwellversuch mit anderen Laborversuchen zur Ermü-
dungsprüfung und liefert damit wichtige Erkenntnisse zur Wahl der Prüfmethodik. In 
der zweiten Publikation (B) beleuchtet er das Problem der normgemäßen Analyse 
des Ermüdungsverhaltens bei einer einzigen Prüftemperatur und schlägt ein neues 
Prüfverfahren vor, mit dem unter Ausführung eines Amplitudensweeps das Ermü-
dungsverhalten über den gesamten Gebrauchstemperaturbereich analysiert werden 
kann. Mit den Publikationen C, D und E trägt Ivan Isailović bei zur Entschlüsselung 
des Heilungsverhaltens von Asphalt, also dem Vermögen, einen während des Ermü-
dungsversuchs beobachteten Steifigkeitsverlust durch Einführung von Lastpausen 
wieder zurückzustellen. In der Publikation C analysiert er die Einflussgrößen unter-
schiedlicher Prüfvariablen (Bindemittelgehalt, Verdichtungsgrad, Lastpausendauer, 
Alterungszustand, Bindemittelsorte) auf die Heilungs-Eigenschaften, in Publikati-
on D entwickelt er einen neuen Index zur vergleichenden Bewertung des Heilungs-
vermögens, der den Vorteil hat, dass die materialbedingte Streuung im Prüfergebnis 
reduziert ist. Schließlich isoliert er die Nebeneffekte aus Nichtlinearität und Selbst-
erwärmung von der eigentlichen Materialheilung und stellt fest, dass der Effekt der 
Nichtlinearität einen relativ geringen Einfluss auf die Heilungs-Eigenschaften hat 
und unabhängig ist von der Lastpausendauer, während im Gegensatz dazu der 
Selbsterwärmungseffekt einen signifikanten Einfluss hat (Publikation E). Mit der 
Publikation F entwickelt Ivan Isailović den bekannten zyklischen Schersteifigkeits-
versuch zur Analyse des Schichtenverbundes weiter zu einer neuen Scherermü-
dungsprüfung, analysiert die Einflüsse aus Prüftemperatur, Normalspannung und 
materialspezifischen Parametern und schlägt Prüfparameter vor, mit denen eine 
bestmögliche Ermüdungsbewertung des Schichtenverbundes erfolgen kann. In der 
Publikation G vergleicht er Ergebnisse aus zyklischen und monotonen Scherversu-
chen und stellt fest, dass eine nur schwache Korrelation zum monotonen Scherver-
such formuliert werden kann und die resultierende Scherkraft aus dem monotonen 
Scherversuch als ein nur grober Indikator für die Bestimmung der Lebensdauer des 
Schichtenverbundes herangezogen werden kann.  
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Contents of this thesis 
Fatigue is a key failure mode of asphalt pavement structures. Stress in consequence of re-
peated traffic loading and temperature changes may significantly weaken the coherence of 
the asphalt mixture with time. This long-term deterioration mechanism is generally called 
“fatigue”, usually understood as the formation of a micro-crack network weakening 
strength of the asphalt pavement.  
As pavement structures are not continuously loaded, and because asphalt is a highly vis-
cous material, already developed micro-cracks may close during non-loading phases par-
tially or even entirely in consequence of viscous flow. Thus, an intermediate “recovery” of 
strength loss may take place. 
This thesis is devoted to the investigation of both fatigue and recovery properties of asphalt 
materials. It is structured to five main Chapters. The first two Chapters are dedicated to a 
general introduction to fatigue and recovery properties of asphalt in-situ (Chapter 1) and in 
laboratory (Chapter 2). The terms “fatigue” and “recovery” are well defined, and the fa-
tigue and recovery performance mechanisms of the asphalt material as well as fatigue of 
the interface of two asphalt pavement layers are described. The third Chapter outlines the 
research work, giving a motivation and a comprehensive summary. The forth Chapter is 
composed of a number of contributions to high-level peer-reviewed international journals 
in the domain of material science. The first two publications are dealing with fatigue eval-
uation of asphalt mixtures; third, fourth, and fifth publications are devoted to evaluation of 
asphalt mixture recovery properties; sixth and seventh publications are focused on fatigue 
evaluation of asphalt mixture layers’ interface. 
The first publication (A) “Energy dissipation in asphalt mixtures observed in different cy-
clic stress-controlled fatigue tests” is dedicated to an appropriate evaluation of asphalt 
mixture fatigue properties in laboratory. Since several test types are available, and even 
though a number of which is also described in technical guidelines, there is no consensus 
between researchers about the most appropriate test method for determining the asphalt 
mixture fatigue resistance. This thesis provides new insights into various techniques of 
laboratory fatigue evaluation, and assists in selecting most appropriate method for testing 
and data analysis. For stress controlled testing mode, the uniaxial tension-compression test 
is identified as most reliable for evaluating asphalt fatigue properties and recovery capaci-
ty. 
The second publication (B) “Sweep test protocol for fatigue evaluation of asphalt mix-
tures” focuses on investigating the temperature dependency of asphalt fatigue. Asphalt 
mixture fatigue properties determined by means of fatigue function at a single test tem-
perature, although in best accordance with the European Standard (EN 12697-24, 2012), is 
not representative for the whole in-service-temperature range. Therefore, fatigue tests 
which are limited to a single temperature may provoke misleading conclusions, especially 
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for modified asphalt mixtures, where little or no experience exists about their long-term 
behaviour in-situ. In order to overcome any potential shortcomings if studying the asphalt 
mixture fatigue resistance according to European Standard, a new test protocol is intro-
duced, which allows for plausible evaluation of asphalt mixture fatigue performance con-
sidering a wide temperature range. The new test protocol relies on amplitude sweep test, 
with a marginally increased laboratory effort if compared to the procedure at single test 
temperature according to the European Standard. 
The third publication (C) “Investigation on mixture recovery properties in fatigue tests” 
aims in clarifying the dubiety about the factors influencing asphalt mixture recovery poten-
tial. Due to the application of different materials and test methods, some influencing pa-
rameters are not well assessed, because of either contradictory or non-plausible test results, 
e.g. the effects of bitumen polymer modification, ageing condition. Therefore, beside ef-
fects of ageing and bitumen polymer modification, further effects influencing asphalt mix-
ture recovery properties are investigated, such as asphalt binder content, degree of compac-
tion, and rest period duration. It was found that the asphalt ageing condition seems to be 
the most influencing parameter regarding asphalt mixture recovery potential. 
The forth publication (D) “Experimental study on asphalt mixture recovery” focuses on 
improving the laboratory evaluation of asphalt mixture recovery properties. Due to the 
potentially large scattering of the experimental results observed in cyclic tests, the com-
monly used recovery index, relying on fatigue live comparison of tests with and without 
rest period, may lead to the erroneous evaluation of the recovery potential. In order to al-
low an accurate evaluation of the asphalt mixture recovery potential, a new recovery index 
is developed, which can substantially and successfully mitigate the material-related scatter 
observed in the experimental tests without rest period. The procedure relies on a normal-
ized energy ratio-complex modulus curve that shows a unique trend for all tests conducted 
at the same loading conditions. 
The fifth publication (E) “Influence of rest period on asphalt recovery considering nonlin-
earity and self-heating” is dedicated to a detailed investigation of asphalt mixture recovery 
potential, taking into consideration biasing effects such as nonlinearity and self-heating 
observed during cyclic loading. These effects are barely investigated in tests in stress con-
trolled mode, and their contribution to the recovery of asphalt mixture mechanical proper-
ties with the change of rest period duration is unclear. Based on stress controlled discon-
tinuous fatigue tests with single rest periods of different durations, it was found that the 
effect of nonlinearity on complex modulus recovery is relatively small and it is not affected 
by increasing duration of the rest period. Contrary, the self-heating effect has a significant 
influence on asphalt mixture recovery properties. It results in a much more rapid recovery 
of complex modulus than other eventual side effects, such as thixotropy, self-healing, and 
strain relaxation. 
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The sixth publication (F) “Fatigue investigation on asphalt mixture layers’ interface” fo-
cuses on investigating the fatigue performance mechanisms of the interface of two asphalt 
pavement layers, and on characterizing the influence of material and test related factors on 
fatigue performance. Using a set of bond types differing in the asphalt mixture types, tack 
coat types, and tack coat application rates, it was found that the interface shear fatigue per-
formance is highly dependent on normal stress state and increases with increasing normal 
stress. This is a direct consequence of the enhanced friction, adhesion and interlock at the 
shear interface. Observing the layers’ interface fatigue resistance at different test tempera-
tures, the best results were observed at the lowest temperature. Based on this preliminary 
work, the test parameters are proposed, allowing for a successful fatigue evaluation of lay-
ers’ interfaces. 
The seventh publication (G) “Asphalt mixture layers’ interface bonding properties under 
monotonic and cyclic loading” focuses on clarifying the question, if the outcomes from 
monotonic shear tests are comparable with outcomes from fatigue shear tests. Based on the 
research results obtained from a set of bond types, it was found that the resulting shear 
strength from monotonic shear test can be used only as a rough indicator for long term in-
terface bonding performance, because not all research and field experience could be re-
flected in the test results. The differences in bond types with some specific material and 
production variations cannot be recognized as good as when using the cyclic fatigue shear 
test. 
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1 Definition of terms – Fatigue and recovery in the context of asphalt 
materials 
In principal, asphalt mixtures used for flexible pavements are composed of aggregate and 
bitumen. Bitumen derivates from refinery process of petroleum, which composition is pri-
marily driven by the cocktail of hydrocarbons originating from the crude oil. While the 
aggregates structure provides the majority of compressive load resistance, the bitumen 
serves to glue the aggregates together and to give asphalt mixture the resistance to tensile 
stresses (Johnson, 2010). Additionally, bitumen contributes to the waterproofing character-
istic of asphalt that protects underlying foundation unbound aggregate layers that are typi-
cally susceptible to reduction in modulus with addition of moisture. Due to the specific 
rheological properties of bitumen, asphalt mixture is generally considered as a visco-elastic 
material, showing high temperature dependency. 
Flexible pavements consist of several asphalt layers which are built successively. The main 
structural function of these layers is to support and withstand traffic and temperature 
stresses and to distribute them to the underlying subgrade. Therefore, according to the 
available empirical and mechanistic-empirical pavement designs, asphalt mixtures have to 
be appropriately conceived in order to serve for the defined lifespan.  
It is generally agreed that fatigue cracking, rutting and low temperature cracking (see Fig-
ure 1) are three principal types of distress to be considered for the design of asphalt mix-
tures and for asphalt pavement design (Huang, 2004). Among them fatigue cracking repre-
sents the primary failure mode in asphalt pavements (Hintz, 2012). 
In association with fatigue cracking in flexible pavements, the following phenomena are 
distinguished: fatigue of asphalt layer materials, recovery of asphalt layer materials, and 
fatigue of interface bonding between asphalt pavement layers. 
 
Figure 1. Fatigue cracking (left), rutting (middle) and low temperature cracking (right) as common 
distresses considered for flexible pavements. 
fatigue cracking rutting – permanent def. development low-temperature cracking
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1.1 Fatigue of asphalt materials 
In materials science, fatigue refers to the behaviour of materials under the action of repeat-
ed stresses or strains, as distinguished from their behaviour under monotonic load (Ste-
phens et al., 2001). According to the ASTM (2013) material fatigue is defined as follows:  
“The process of progressive localized permanent structural change occurring in a material 
subjected to conditions which produce fluctuating stresses and strains at some point or 
points and which may culminate in cracks or complete fracture after a sufficient number of 
fluctuations”. 
The term progressive implies that the fatigue process occurs over a period of time or usage 
(Stephens et al., 2001). The structural change during fatigue process is localized, because 
fatigue process operates at local areas rather than throughout the entire component or struc-
ture. These local areas can have high stresses and strains due to external load transfer, ab-
rupt changes in geometry, temperature differentials, residual stresses, and material imper-
fections. The term permanent implies that once there is a structural change due to fatigue, 
the process is irreversible. Process of fatigue involves fluctuating stresses and strains that 
are cyclic in nature and requires more than just a sustained load. Even though the individu-
al load is lower than the material's ultimate strength, the repetition of loads may induce 
damage of the material after many loading cycles. Fatigue process results in structural 
cracking that with repeated loading leads to the complete structural fracture.  
Considering the asphalt materials used for flexible pavements, similar fatigue definition is 
widely accepted. Due to the visco-elastic properties of asphalt mixtures, there is a possibil-
ity of reversible fatigue process (recovery) that represents the solely deviation to the 
abovementioned fatigue definition. 
In asphalt mixtures, fatigue results in material cracking initiated by repeated traffic load. 
During fatigue cracking in asphalt mixtures, two phases of the degradation process are 
usually considered; initiation phase and propagation phase (Di Benedetto et al., 2004). The 
first phase is manifested by the initiation of micro-cracks that usually develop at a point of 
localized stress concentration like discontinuity in the material. Once a micro-crack is ini-
tiated, the stress concentration effect increases and micro-crack propagates. This results in 
a decrease in the macroscopic asphalt rigidity. In the second phase, from the coalescence of 
micro-cracks, a macro-crack appears which propagates within the material (see Figure 2). 
Consequently the stressed area decreases in size, the stress increases in magnitude and the 
crack propagates more rapidly. Until finally, the remaining area is unable to sustain the 
load and the material fractures. This can significantly affect the pavement bearing capacity 
and durability. Additionally, reduced ride comfort is expected (Johnson, 2010). 
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Figure 2. Two phases of the degradation process during fatigue cracking (acc. to Di Benedetto, 2013). 
Two mechanisms of fatigue cracking in asphalt pavements are recognized in-situ: top-
down and bottom-up (Huang, 2004). 
Top-down cracks initiate at the top (surface) layer as a result of the repeated transversal 
tensile strain near the edge of the tire (Molenaar, 2007). This type of distress manifests in 
longitudinal cracks that propagate downward (Hintz, 2012). Top-down cracking is particu-
larly pronounced in cold climates, where traffic bending transversal stresses are superim-
posed with cryogenic stresses due to decreasing pavement temperature and restrained 
thermal contraction of asphalt mixture (cp. Arand, 1985). 
The bottom-up cracking mechanism is seen as the most common form of fatigue cracking 
that is usually considered as the main failure mode for pavement design. Bottom-up cracks 
initiate at the bottom of an asphalt base layer as a result of high strains associated with 
flexure (Hintz, 2012). Figure 3 (left) shows the evolution of horizontal strains measured at 
the bottom of asphalt base layer subjected to loading by different vehicle axles. The domi-
nating horizontal tensile strain (see Figure 3) leads under the effect of repeated loading to 
cracking (damage), which propagates upward and induces an inter-connected network of 
cracks often referred to as alligator cracking at pavement surface (see Figure 1, left).  
Nevertheless, both bottom-up and top-down cracking mechanisms should be equally con-
sidered, since in some cases, top-down cracking might be dominant over bottom-up crack-
ing (Molenaar, 2007). 
In this thesis, the investigation of asphalt mixture fatigue resistance is topic of the Publica-
tions A and B (see Section 4). 
cycling loading
1. Phase  Initiation: damage in the volume
2. Phase  Localization: macro-crack propagation
micro-cracks
macro-crack
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Figure 3. Evolution of horizontal strains measured at the bottom of asphalt base layer subjected to 
loading by different vehicle axles (left) (strain measurements acc. to Rabe, 2008); detail on the shear 
stresses at layers' interfaces (right).  
1.2 Recovery of asphalt materials 
Recovery (or self-healing) effect is defined in material science as an opposite process to 
fatigue cracking (Luo, 2013). Self-healing materials are able to counter degradation 
through the initiation of a repair mechanism that responds to the micro-damage 
(Ghosh, 2008). For a material to be strictly defined as autonomously self-healing, it is nec-
essary that the healing process occurs without external intervention. Only few materials 
exhibit these properties such as polymers, metals, ceramics, glass, cementitious materials, 
bitumen (Wool, 2008; Qiu, 2012; Shen and Carpenter, 2007).  
Since bitumen represents the substantial part of asphalt mixtures and dominates their rheo-
logical and mechanical properties, asphalt mixture is generally considered as a self-healing 
capable material. In civil engineering, self-healing of asphalt mixtures is defined as the 
intrinsic response of bitumen to diminish the generated cracks within the bituminous body 
under certain loading and environmental conditions (Shen and Carpenter, 2007; 
Ayar et al., 2016). 
Self-healing usually occurs in pavements during the rest period between repeated axle 
loads of the same or of different vehicles (cp. rest periods RP1-RP6, Figure 3, left). Never-
theless, some researchers observed that the recovery process can occur during traffic load-
ing too, and not only during rest periods (Soltani and Anderson, 2005; Ashouri, 2014). The 
self-healing capability of asphalt mixtures is limited to the repair of micro-cracks, since 
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macro-cracks do not close unless external forces are applied to press the cracked surfaces 
together (Jones and Dutta, 2010). Depending on the crack intensity, partial or full recovery 
of the mechanical properties is possible.  
The self-healing mechanism of asphalt mixtures is reversed to fatigue cracking and can be 
described using a three step model: i) flow, ii) wetting, and iii) diffusion (cp. Figure 4, 
Phillips, 1998). The first step implies the crack surface approach due to the consolidation 
of stresses and flow of bitumen. In the second step, contact and adhesion are established 
between two crack surfaces by the surface energy driven wetting process. Wetting ability is 
related to the type of bitumen, and increases with increased bitumen's surface energy 
(Ashouri, 2014). In the last step, the complete recovery of mechanical properties happens 
due to diffusion and randomization of asphaltene structures. The diffusion capability is 
directly related to mobility potential of the molecules in the bitumen.  
Step (i) is believed to be the fastest, resulting only in the recovery of stiffness, while steps 
(ii) and (iii) are thought to occur much slower but to improve both stiffness and strength of 
the material such that it exhibits mechanical properties similar to the virgin material 
(Qiu, 2012).  
 
Figure 4. Multi‐step fatigue and self-healing model (acc. to Phillips, 1998). 
Generally, it is believed that during the service life of asphalt pavements, there is a steady 
competition between fatigue and self-healing (Phillips, 1998). Self-healing potential can 
extend the durability of asphalt pavements, since asphalt materials with high recovery ca-
pability accumulate less deformation and less damage in the asphalt layers 
(Luo et al., 2013). Therefore, such a property should be considered during materials selec-
tion and pavement design (cf. Di Benedetto et al., 2004, 2011; Santagata et al., 2013). 
In this thesis, the investigation of asphalt mixture recovery properties is topic of the Publi-
cations C, D, and E (see Section 4). 
1) Crack initiation 2) Crack propagation 3) Failure
slow medium fast
Fatigue:
3) Diffusion 2) Wetting 1) Flow
very slow medium slow
Self-healing:
modulus recovery
strength recovery
loss of strength
loss of modulus
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1.3 Fatigue of interface bonding between asphalt pavement layers 
Flexible pavement consists of several asphalt layers which are built successively. In order 
to ensure an appropriate bonding between them, the surface of the existing layer is usually 
cleaned and covered with a thin layer of a bituminous tack coat material before paving the 
next asphalt layer. The bond between these layers is achieved by the interaction of adhe-
sion, friction and interlocking effects at the layers’ boundary (Wistuba et al., 2016), and 
should ensure that those layers work together as a composite structure to withstand traffic 
and environmental loadings (Sutanto, 2009). 
Although two asphalt layers are connected by means of a thin layer of tack coat material, 
the interaction between these layers may be insufficient to prevent relative displacement 
between them during traffic loading (cp. Tozzo et al., 2014). In consequence, traffic in-
duced repeated shear stresses/displacements at the layers’ interface (see Figure 3, right) 
can lead to fatigue cracking between asphalt layers. Finally, interface failure and a com-
plete separation (debonding) of pavement layers may happen. 
Shear stresses/displacements are initiated due to the simple action of rolling wheel loads 
and particularly increase during braking, accelerating and turning wheel phenomena 
(Romanoschi and Metcalf, 2001). According to Sutanto (2009), interface failure mecha-
nisms can be categorized by the following separation modes (Figure 5): shear, tensile, and 
mixed shear-tensile mode. The shear separation mode (see Figure 5, a) occur in the trans-
verse or longitudinal direction and is typically generated by traffic and/or temperature in-
duced shear stresses at the interface. This mode of failure is frequently observed in the 
field and is mainly associated with the effect of interface fatigue. Tensile separation mode 
(see Figure 5, b) occurs as a result of blistering, and may be also initiated by the vertical 
tensile stress due to the suction process of tires. A mixed shear-tensile separation 
(see Figure 5, c) can arise at the interface beneath a thin surfacing layer, caused by the 
bucking of surface layer in front of the tire (cp. Sutanto, 2009). 
 
Figure 5. Separation modes of asphalt layers: a) shear, b) tensile, and c) shear and tensile 
(Sutanto, 2009).  
Slippage cracking and permanent deformations are the most typical distresses associated 
with debonding (Tozzo et al., 2014). Furthermore, if the transfer of shear stresses at the 
layers’ interface is not provided (due to debonding), the pavement cannot act as a whole 
structural unit. This may result in a serious change of the three-dimensional stress state in 
a) shear b) tensile c) shear-tensile
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the entire structure, leading
asphalt base layer (Wistuba et al., 2016). 
and an essential reduction of the structural bearing capacity and thus a much shorter se
vice life is expected. According to the analytical analysis performed by 
(2005) it was shown that in
of pavement life can reach 80
transfer of stresses in multilayered pavements 
Weber (1991), where the deflect
compared. Based on linear elastic bending theory, a nine
a three-layer beam without 
with full bonding (see Figure 
Figure 6. Evolution of horizontal stress in different layer systems with equal thickness, observed under 
application of force P: full bonding between layers (left), and missing bonding between layers (right) 
(Weber, 1991). 
In this thesis, the fatigue investigation on asphalt mixture layers’ interface
Publications F and G (see Section 
 to significant increase in tension stresses at the bottom of the 
Consequently, bottom-up cracking is accelerated 
 case of a complete debonding of asphalt layers, the reduction 
 %. The importance of good bonding and accordingly good 
was illustrated by the simple example
ions of beams with full bonding and without 
-fold increase in the deflection of 
bonding (see Figure 6, right) is observed if compar
6, left). 
 
4). 
r-
Kruntcheva et al. 
 from 
bonding are 
ed to beams 
 is topic of the 
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2 State-of-the-art report on laboratory test methods to identify fatigue 
and recovery properties of asphalt materials 
2.1 Fatigue testing of asphalt mixtures 
Asphalt mixtures for flexible pavements are designed to withstand traffic and temperature 
stresses in the long term. Suitability of a particular asphalt mixture can be assessed in la-
boratory by applying performance-oriented test methods to address the essential material 
properties such as stiffness, fatigue resistance, resistance to low-temperature cracking, and 
resistance to permanent deformation (rutting). 
Conventional laboratory test methods for characterizing the asphalt mixture fatigue re-
sistance do not simulate the traffic loading in-situ exactly, since the inclusion of rest peri-
ods in the test procedure would imply long tests durations, which may not be practical on a 
routine basis. Therefore, fatigue resistance of asphalt mixtures is studied using cyclic tests, 
where sinusoidal continuous loading is applied on asphalt mixture specimen, produced 
either in laboratory or cored from the field (Di Benedetto et al., 2004). Due to the visco-
elastic rheological properties of asphalt mixture, the cyclic behaviour is usually character-
ized by means of complex modulus and dissipated energy, as detailed in the following. 
a) Complex modulus 
If a sinusoidal force/stress (see Figure 7, left) with the cyclic frequency f =/2 is applied 
to the visco-elastic material such as asphalt mixture, this will induce a sinusoidal response 
in the asphalt specimen. The resulting strain  (t), measured on the surface of the asphalt 
specimen using e.g. linear variable strain transducers (LVDT) will lag behind by the phase 
angle  due to the visco-elastic material property (see Figure 7, left). The phase angle  is 
also referred to as the loss angle (e.g., used to estimate the energy dissipated in the material 
during cyclic loading), and is a function of the internal friction of the material (Findley et 
al., 1976). For visco-elastic materials the phase lag is always 0 ≤  ≤ /2, where  = 0 for 
elastic behaviour, and  = /2 for viscous behaviour. 
The complex modulus E* of an asphalt mixture is a complex number defined as the ratio 
between the sinusoidal stress and the sinusoidal strain (see Figure 7, middle), reading 
𝐸∗(𝜔) =  
𝜎(𝑡)
𝜀(𝑡)
=
𝜎଴ ∙ cos(𝜔 ∙ 𝑡) + 𝑖 ∙ 𝜎଴ ∙ sin(𝜔 ∙ 𝑡)
𝜀଴ ∙ cos(𝜔 ∙ 𝑡 − ) + 𝑖 ∙ 𝜀଴ ∙ sin(𝜔 ∙ 𝑡 − )
 
𝐸∗(𝜔) =  
𝜎଴
𝜀଴
∙ 𝑐𝑜𝑠 +
𝜎଴
𝜀଴
∙ 𝑖 ∙ 𝑠𝑖𝑛 = 𝐸ଵ + 𝑖 ∙ 𝐸ଶ 
 (1) 
where: σ0 = stress amplitude [MPa], ε0 = strain amplitude [‰], = angular frequency, 
= phase angle [°], E1 = storage modulus [MPa], E2 = loss modulus [MPa]. 
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Figure 7. Oscillating stress (t) applied in a cyclic test on a linear visco-elastic material, and resulting 
strain (t) lagging behind by the phase angle  (left); representation of (t) and (t) in terms of complex 
numbers (middle); derivation of the storage modulus E1 and the loss modulus E2 from the real part 
and the imaginary part of the stiffness modulus (right) (Wistuba et al., 2009). 
The term E1 in Equation 1 is in phase with the strain and is the real part of the complex 
modulus (cp. Figure 7, right), called storage modulus, while the second term E2 represents 
the imaginary part of the complex modulus, called loss modulus. For the material charac-
terisation and specification, the norm (absolute value) of the complex modulus │E│ is usu-
ally calculated (cp. Equation 2). Due to the asphalt mixture visco-elastic properties, com-
plex modulus is highly temperature and loading frequency dependent.  
│𝐸∗│ = │𝐸│ =  ඨ൬
𝜎଴
𝜀଴
∙ 𝑐𝑜𝑠൰
ଶ
+ ൬
𝜎଴
𝜀଴
∙ 𝑖 ∙ 𝑠𝑖𝑛൰
ଶ
= ට𝐸ଵଶ + 𝐸ଶଶ =
𝜎଴
𝜀଴
  (2) 
b) Dissipated energy 
Beside complex modulus, the dissipated energy is commonly used for the characterization 
of material visco-elastic properties under cyclic loading. The energy dissipated within one 
loading cycle represents the difference between the energy provided to the material during 
the loading phase and the energy released during unloading. If a material is perfectly elas-
tic, the loading and unloading curves follow the same paths, meaning that all the energy is 
recovered, without any energy dissipation (see Figure 8, left). In case of viscoelastic mate-
rials such as asphalt mixture, loading and unloading curves do not overlap, which indicates 
loss of energy within the material (see Figure 8, right). Part of the energy is dissipated from 
the system through external work, heating or damage (Ghuzlan and Carpenter, 2000). 
The ellipse generated by the loading and unloading phases is called hysteresis loop and its 
area corresponds to the energy dissipated in one loading-unloading cycle (Figure 8, right). 
For the calculation of dissipated energy (Wn) in one loading cycle, the following equation 
can be used: 
𝑊௡ =  𝜋 ∙ 𝜎௡ ∙ 𝜀௡ ∙ 𝑠𝑖𝑛௡  [kJ/m
3], (3) 
where: σn = stress amplitude at cycle n [MPa], εn = strain amplitude at cycle n [‰], 
n = phase angle at cycle n [°]. 

(t)   (t) 

 2πT
ω
t
(t )
(t )


 t

ur
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r

 0 cos t  
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Figure 8. Loading cycle in a strain-stress diagram for a perfectly elastic material (left), and for a visco-
elastic material such as asphalt mixture (right). 
The dissipated energy is a good instrument for observing material behavior during cyclic 
loading (Carpenter and Shen, 2006), because it considers both stress/strain and phase angle 
parameters. As reported by Di Benedetto (2013), the change in asphalt mixture mechanical 
properties in a fatigue test can be characterized by the change of the hysteresis loop form 
during cyclic loading, which directly corresponds to the change in dissipated energy. 
c) Test types for evaluation of asphalt mixture fatigue resistance 
For determination of asphalt mixture fatigue resistance several test types are used, differing 
in loading mode and specimen shape (see Figure 9): homogeneous or non-homogeneous 
(uniaxial, indirect, bending tests), in tension mode or in tension-compression mode, in 
stress or in strain controlled mode (cp. EN 12697-24).  
For all test types, a standard machine equipped with climate chamber, loading cell able to 
apply sinusoidal loading, and LVDTs for strain measurements at asphalt specimen are 
used.  
 
Figure 9. Cyclic test usually employed for evaluation of asphalt mixture fatigue resistance (F = force, 
s = deformation). 
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A non-homogeneous fatigue test implies a non-uniform stress/strain state in asphalt sample 
across its cross-section during fatigue excitation. Due to these stress/strain 
inhomogeneities, non-homogeneous fatigue tests have shown several disadvantages when a 
rigorous analysis of fatigue process is desired (Soltani and Anderson, 2005). With the oc-
currence of damage, the stress and strain distributions become nonlinear and the complex 
modulus changes disproportionally within the specimen in an unknown manner. In contra-
ry, the stress state in the material in uniaxial fatigue tests is relatively uniform across the 
specimen cross-section (Johnson, 2010), and a direct access to the rheological properties of 
material is possible (Di Benedetto et al., 1996). However, it is quite difficult to keep this 
homogenous state, which could be disturbed due to some imperfections e.g. geometry of 
the apparatus, edge effects, sample heterogeneity (Di Benedetto et al., 1996). 
Furthermore, almost all fatigue tests (with the exception of indirect tensile test) presented 
in Figure 9 can be performed either in strain or in stress controlled mode. In strain con-
trolled mode, the constant strain amplitude, measured at asphalt specimen, is maintained 
over the whole test duration. Consequently, the material response given in terms of stress 
amplitude decreases as a result of the specimen damage, regardless of whether a tension or 
a tension-compression strain signal is applied (cp. Figure 10, a, b). In opposite to strain 
controlled mode, in stress controlled mode, the constant stress amplitude applied to the 
specimen is maintained over the whole test duration. Consequently, the elastic strain am-
plitude tends to increase until specimen failure (in case of loading is controlled in terms of 
a tensile-compressive stress amplitude) (cp. Figure 10, c). If only tensile stress amplitude is 
applied to asphalt sample (cp. Figure 10, d), the fatigue phenomenon could be hidden by 
the accumulation of irreversible (plastic) strain (cp. Di Benedetto et al., 2004). This is par-
ticularly related to indirect tensile test and uniaxial tension test (cp. Figure 9).  
Besides conventional continuous cycling loading, where constant strain/stress amplitude is 
maintained over the whole test duration, recent research studies showed that an accelerated 
fatigue tests in form of amplitude sweep can be successfully used for fully fatigue evalua-
tion of both bitumen and asphalt mixture. Amplitude sweep test consists of stepwise in-
crease of strain/stress amplitude until specimen failure. This type of test appears to have 
the ability to indicate fatigue resistance as obtained by the conventional fatigue test with a 
constant strain/stress evolution (Johnson, 2010; Pérez Jiménez et al., 2013; Hintz and Ba-
hia, 2013). 
Concerning the appropriate mode of loading in fatigue tests (stress or strain controlled 
mode), some researchers gave recommendations depending on the total thickness of pave-
ment asphalt layers: 
 The constant stress mode of loading is generally considered applicable to asphalt mix-
tures for thick asphalt pavements (total asphalt thickness > 15 cm, acc. to Ja-
cobs, 1995; total asphalt thickness > 20 cm, acc. to NCHRP, 2004), because in this 
case, the asphalt layers are a main load-carrying component. Although stiffness reduc-
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tion occurs due to fatigue effects under repeated loading, due to the high total asphalt 
thickness, the changes in the stress are not significant and lead to a relatively constant 
stress situation (cp. NCHRP, 2004). 
 The constant strain mode of loading is generally considered applicable to asphalt mix-
tures for thin asphalt pavements (total asphalt thickness < 5 cm, acc. to NCHRP, 2004; 
total asphalt thickness < 8 cm, acc. to Jacobs, 1995), because in this case, the asphalt 
layers are not the main load-carrying component. In this case, the strain in the asphalt 
layers is governed by the underlying layers and is not greatly affected by the change in 
the asphalt layer stiffness due to the fatigue effects under repeated loading. Therefore, 
a constant strain situation in asphalt layers is expected (cp. NCHRP, 2004). 
 
Figure 10. Schematic representation of loading modes in fatigue tests: strain controlled (a), (b) (with 
corresponding stress response) and stress controlled (c), (d) (with corresponding strain response) 
(acc. to Di Benedetto, 1996).  
Since several test types are used, there is no consensus between researchers about the ade-
quate test method for determining the asphalt mixture fatigue resistance. Research support-
ing this question is presented in Publication A (see Section 4) of this thesis. 
d) Asphalt mixture response under continuous cyclic loading 
If continuous cyclic loading is applied on a pre-fabricated asphalt specimen using one of 
the above-mentioned test types, material damage is associated with the loss in norm of 
complex modulus as the number of loading cycles increases, regardless of the mode of 
loading (Ghuzlan and Carpenter 2000; Underwood, et al., 2012). In general, three phases 
of the complex modulus decrease are distinguished (cp. Baaj et al., 2003) (see Figure 11): 
 Phase I is represented by a rapid decrease of the complex modulus which cannot be 
explained by fatigue damage only. The complex modulus decrease in this phase is 
strain controlled fatigue test stress controlled fatigue test
strain
time
cycles
strain
timecycles
tension tension
compression
time
stress
cycles
tension
compression
stress
cycles
time
tension
stress
cycles time
stress
cycles
time
strain (elastic)
time
cycles
strain (plastic)
time
(a) (b) (c) (d)
16 
highly influenced by biasing effects such as self-heating, thixotropy, and nonlinearity 
(cp. Babadopulos, 2017) (see Section 2.2). 
 Phase II is represented by the quasi-stationary decrease of the complex modulus, 
where the role of fatigue on complex modulus decrease is predominant. Phase I and 
Phase II correspond to the initiation and propagation of a network of micro-cracks. 
 Phase III: During this phase a macro-crack appears by coalescence of the micro-cracks 
and propagates inside the material, leading to failure of the asphalt specimen. 
 
Figure 11. Three phases of complex modulus evolution in one fatigue test (schematic). 
During continuous cycling loading of an asphalt specimen, the dissipated energy evolutes 
in three-phases depending on loading mode (see Figure 12). In fatigue test in stress con-
trolled mode, dissipated energy increases with each loading cycle. This is a consequence of 
the increased material deterioration, where strain amplitude continually increases (see Fig-
ure 12, left). On the contrary, in fatigue test in strain controlled mode dissipated energy 
decreases with each loading cycle (see Figure 12, right). This is due to the steady material 
damage, where, with each loading cycle, less stress is needed in order to maintain the fixed 
strain amplitude. 
 
Figure 12. Dissipated energy evolution in fatigue test in stress controlled mode (left), and in fatigue test 
in strain controlled mode (right) (schematic). 
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The fatigue failure of the asphalt sample is usually considered as transition between 
Phase II and Phase III of complex modulus evolution. A precise determination of the cycle 
where macro-crack appears and propagates is a difficult task. Different failure criteria are 
proposed, which are related to the evolution of different test parameters such as complex 
modulus (EN 12697-24, 2012; Kim et al., 2003), dissipated energy (Hopman et al., 1989), 
complex modulus and number of loading cycles (Rowe and Bouldin, 2000). Among these 
failure criteria, the conventional approach acc. to the European Standard (EN 12697-24, 
2012) and the energy ratio approach based on dissipated energy (Hopman et al., 1989) are 
widely used.  
According to the European Standard (EN 12697-24, 2012), the fatigue failure is related to 
the number of loading cycles (Nf,50), where 50 % decrease in complex modulus occurs 
(see Figure 13). 
The energy ratio ER approach relies on dissipated energy and represents the ratio between 
the initial dissipated energy, and the dissipated energy at cycle n, reading 
𝐸𝑅௡ =  
𝑛 ∙ 𝑊଴
𝑊௡
   [-], (4) 
where: W0 = initial dissipated energy [kJ/m3], Wn = dissipated energy at cycle n [kJ/m3]. 
Typical examples of energy ratio evolution during fatigue tests in stress and strain con-
trolled modes are shown in Figure 13. By plotting the energy ratio versus the number of 
loading cycles, the resulting fatigue failure for a test in stress controlled mode is related to 
the number of loading cycles when energy ratio reaches its maximum (cp. Figure 13, left).  
 
Figure 13. Determination of the number of loading cycles at failure using conventional approach 
acc. to European Standard (EN 12697-24, 2012), and using energy ratio approach based on dissipated 
energy (acc. to Hopman et al., 1989): fatigue test in stress controlled mode (left), fatigue test in strain 
controlled mode (right) (schematic). 
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related to the number of loading cycles when energy ratio leaves its asymptotic value 
(cp. Figure 13, right). 
Using the conventional approach according to the European Standard (EN 12697-24, 
2012), fatigue testing of one asphalt mixture relies on multiple test replicates at a single 
frequency, at a single temperature (in range from 10 °C to 30 °C), and at three different 
load amplitudes (stress or strain). For example, up to 18 single fatigue tests are performed 
according to the European Standard. From all tests, a unique fatigue curve in form of a 
potential function is drawn, which represents the number of loading cycles at failure (Nf) in 
function of the applied strain amplitude (or stress amplitude respectively in a stress con-
trolled fatigue test) (see Figure 14): 
𝑁௙ =   𝑘ଵ ∙ 𝜀௞మ [-], for strain controlled mode 
(5) 
𝑁௙ =   𝑘ଵ ∙ 𝜎௞మ [-], for stress controlled mode 
where: Nf = number of loading cycles at failure (fatigue life) [-], k1, k2= regression parame-
ters [-], ε = strain amplitude [‰], σ = stress amplitude [MPa]. 
 
Figure 14. Fatigue function of specific asphalt mixture obtained performing multiple fatigue tests at a 
single frequency, at a single temperature, and at three different load amplitudes (stress or strain). 
This specific fatigue function determined at a single temperature is used as a key perfor-
mance property for the durability of asphalt mixtures in general. As asphalt fatigue behav-
iour is driven by the temperature-dependent rheological properties of the bitumen to a non 
negligible extent, numerous authors claim that asphalt fatigue properties are highly de-
pendent on test temperature (see e.g. Ghuzlan and Carpenter, 2003; NCHRP, 2004; 
Mollenhauer and Wistuba, 2009; Bodin et al., 2010). Therefore, fatigue function deter-
mined at a single temperature, although in best accordance with European Standard, cannot 
be representative for the whole in-service-temperature range. If considered in such a way, 
this may provoke misleading conclusions, particularly if the fatigue results are used for 
pavement design purposes. This is especially important for advanced asphalt mixtures with 
diverse additives and high reclaimed asphalt content, where little or no experience exists in 
their long-term behaviour in-situ. 
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Therefore, plausible evaluation of asphalt mixture fatigue resistance requires consideration 
of a wide temperature range. The main issue in this objective is to minimize the laboratory 
effort if compared to the procedure in accordance with the European Standard (EN 12697-
24, 2012). Research supporting such a testing procedure is represented in the Publication B 
(see Section 4) of this thesis. 
2.2 Testing recovery properties of asphalt mixtures 
Actual service life of the asphalt pavement is significantly longer than measured in labora-
tory by means of continuous fatigue tests at fixed frequency and temperature (Van den 
Bergh, 2011). This is due to the effects of environmental conditions, traffic and differences 
in geometry, and real conditions in pavement when compared to laboratory test setups 
(Molenaar, 2007). Also self-healing is a significant factor (cp. Van den Bergh, 2011), since 
traffic loading in-situ is not continuous, occurs rather random with different rest period 
durations (cp. Figure 3). 
Therefore, the laboratory evaluation of self-healing properties of asphalt mixtures is fun-
damental for improving the mix design and the in-field response of asphalt pavements. 
Since self-healing represents the opposite mechanism of fatigue, it is usually addressed by 
the same test types (cp. Figure 9), but by introducing rest period(s) of various durations 
(discontinuous test). During rest period(s), asphalt specimen is in a stress-free condition. 
Two different approaches for introducing rest period(s) can be used (Shen and Carpen-
ter, 2007): 
 a single rest period after a pre-defined number of loading cycles (Figure 15, left), or 
 a rest period after each loading cycle (Figure 15, right). 
 
Figure 15. Two approaches for introducing rest period(s) (RP) to interrupt cyclic loading for the eval-
uation of self-healing properties: a single rest period after a pre-defined number of loading cycles (left), 
a single rest period after each loading cycle (right). 
The first method simulates loading conditions in the field in a less realistic manner, as in-
situ rest periods of different durations occur randomly. However, in laboratory, this meth-
od provides better insight into the change of the material properties in consequence of a 
single rest period of longer duration, as demonstrated in recent studies 
(Wistuba et al., 2013; Isailović et al., 2016 a). If applying a very short rest period after each 
loading cycle, the effect of recovery of material mechanical properties during one rest pe-
riod cannot be identified easily. 
As observed in continuous fatigue tests, a significant loss in norm of complex modulus is 
observed as the loading cycles increase (cp. Figure 11). If loading is interrupted during the 
RP RP RP
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test by introducing a rest period between two continuous loading phases (cp. approach in 
Figure 15, left), a substantial recovery of the complex modulus may be observed (see Fig-
ure 16, red line). This complex modulus recovery is usually ascribed to the self-healing 
properties of the asphalt mixture (Breysse et al., 2005; Tan et al., 2012). After the rest pe-
riod of a sufficient duration, asphalt sample can behave as undamaged and may sustain a 
similar number of loading cycles until the same complex modulus drop. 
Furthermore, if a relatively short rest period is introduced after each loading cycle (cp. ap-
proach in Figure 15, right), the complex modulus does not exhibit such fall/increase as a 
consequence of the shortness of both loading phase and rest period, respectively (see Fig-
ure 16, green line). In this case, the complex modulus recovery during each rest period lead 
to a relatively smooth complex modulus evolution. 
Due to the effects of material recovery during rest period(s), the asphalt mixture fatigue 
resistance in terms of number of loading cycles at failure is significantly extended in both 
cases, when comparing to results from continuous fatigue tests without rest period(s) ap-
plication (see Figure 16, black line). 
 
Figure 16. Evolution of complex modulus in continuous fatigue test (black line), in discontinuous fa-
tigue test with a single rest period (11000 seconds) after a pre-defined number of loading cycles 
(red line), and in discontinuous fatigue test with a rest period (0.5 second) after each loading cycle 
(green line). Results are based on uniaxial tension-compression test in stress controlled mode, at test 
temperature of 20 °C, and at stress amplitude of 1.05 MPa. 
As mentioned above, the self-healing property is usually related to the recovery of the 
complex modulus during rest period that leads to the prolonged fatigue life of asphalt mix-
ture. However, recent research studies show that any change in the complex modulus either 
during cyclic loading or during rest period is not solely related to pure effects of fatigue 
and self-healing only (Di Benedetto et al., 2011; Mangiafico et al., 2015). The complex 
modulus decrease during cyclic loading, and accordingly, increase during rest period is 
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significantly affected by the additional biasing phenomena such as nonlinearity, self-
heating and thixotropy (cp. Babadopulos, 2017) (see Figure 17): 
 Nonlinearity is a consequence of the nonlinear visco-elasticity of asphalt mixtures, 
where the ratio between stress and strain in terms of complex modulus is not constant 
and depends on the loading level. For asphalt mixtures, the linear visco-elasticity is 
considered for a very low strain/stress levels (cp. Airey et al., 2002). The effect of 
nonlinearity in cycling loading disappears when specified strain/stress amplitude is 
achieved. 
 Self-heating is characterized through viscosity change represented by the temperature 
increase in asphalt specimen during cyclic loading. This effect is caused by the me-
chanical dissipation of energy in the bituminous mixture (Di Benedetto et al., 2011).  
 Thixotropy is characterized through viscosity change as a consequence of the material 
microstructure rearranging (called microstructure breakdown) during cyclic excitation 
(Barnes, 1997).  
 
Figure 17. Evolution of complex modulus in continuous and in discontinuous fatigue test with a single 
rest period (schematic) (left, top); detail on self-heating of asphalt sample during cyclic loading 
(Lundström et al., 2004) (right, top); schematic representation of breakdown and build-up of thixo-
tropic structure (Barnes, 1997) (right, bottom); principle of linear/nonlinear visco-elasticity (left, bot-
tom).  
Since all these effects are completely reversible during rest period of sufficient duration 
(the temperature inside of specimen decreases and achieves the initial point, material mi-
crostructure builds up), they cannot be accounted for self-healing and have to be separately 
considered. Therefore, using the term “recovery” in place of “self-healing” appears to be 
more accurate and comprehensive if conducting laboratory investigation in this way. It is 
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worth to mention that biasing effects are barely experienced in-situ that is due to the spe-
cific loading conditions (cp. Lundström et al., 2004; Babadopulos, 2017). 
Recovery capability of bitumen and asphalt mixtures has been investigated in laboratory by 
many researchers, both at the micro and macro scale (Daniel, 1996; Phillips, 1998; Little et 
al., 1999; Breysse et al., 2003; Bodin et al., 2004; Carpenter and Shen, 2006; Kim and 
Roque, 2006; Bhasin et al., 2009; Santagata et al., 2009; Di Benedetto et al., 2011; Kringos 
et al., 2011; Nazzal et al., 2012; Palvadi et al., 2012; Tan et al., 2012; Shan et al., 2013; 
Santagata et al., 2013; Moreno-Navarro et al., 2015; Ayar et al., 2016). In these studies a 
high dependency of binder and mixture recovery potential was observed and linked to spe-
cific material properties (bitumen composition and bitumen morphology, bitumen content, 
aggregate particle gradation, binder viscosity, air voids content, etc.) and external condi-
tions (test configuration, test temperature, loading, and rest period type and duration). Due 
to the application of different materials and test methods, some influencing parameters are 
not well assessed because of contradicting or non-plausible test results, e.g. effects of bi-
tumen polymer modification (positive effect on recovery properties, acc. to Shen and Car-
penter, 2007; no effect on recovery properties, acc. to Kim and Roque, 2006; negative ef-
fect on recovery properties, acc. to Qiu, 2012), ageing conditions (negative effect on re-
covery properties, acc. to Little et al., 1999; positive effect on recovery properties, acc. to 
Van den Bergh, 2011). More research on this subject is presented in Publication C 
(see Section 4) of this thesis. 
As a consequence of the variety of introduced test methods and investigated asphalt mix-
tures, so far no test protocol for quantifying the recovery capability in asphalt pavements 
has been internationally established and is widely accepted (Ayar et al., 2016). Some ap-
proaches are focusing on results from discontinuous tests only, where recovery of mechan-
ical/rheological material parameters (e.g. complex modulus, phase angle, dissipated ener-
gy) is observed and evaluated during rest period(s). Even though this procedure represents 
a practical tool for evaluating the recovery properties during the rest period, the influence 
of rest period on the overall fatigue life extension cannot be assessed. 
Therefore, the main approach for assessing the recovery properties of asphalt mixtures 
relies on comparing the responses (e.g. number of loading cycles until failure) under load-
ing conditions with and without rest period(s) (Qiu, 2012). This comparison is usually 
quantified by a recovery index (cp. Little et al., 2001; Santagata et al., 2009, see Equation 
in Figure 18). The higher the recovery index, the higher is the recovery potential of a par-
ticular asphalt mixture. However, due to the large scattering of the experimental results it 
could arise that fatigue life of the discontinuous test with rest period(s) is even shorter than 
fatigue life of the continuous fatigue test without rest period(s), showing a negative recov-
ery index (see Figure 18). This may lead to an erroneous evaluation of the recovery poten-
tial. Until now, little effort has been put on the derivation of an effective recovery index 
applicable for evaluation of the recovery potential of specific asphalt mixture that over-
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comes the effects originating from the tremendous scatter of the experimental results. Re-
search supporting this subject is represented in Publication D (see Section 4) of this thesis. 
 
Figure 18. Example of the evolution of complex modulus in function of number of loading cycles in 
continuous and discontinuous (with single rest period) uniaxial tension-compression fatigue tests in 
stress controlled mode (Wistuba et al., 2013). 
Since most of the conducted research deals with the overall (bulk) recovery properties, 
only limited work addresses the real self-healing potential of asphalt mixtures. This is only 
possible by correctly identifying, qualifying, and separation of the above-mentioned bias-
ing effects from the experimental results. These cyclic effects were investigated by some 
researchers (Lundström et al., 2004; Soltani and Anderson, 2005; Di Benedetto et 
al., 2011; Mangiafico et al., 2015; Babadopulos, 2017), but until now no research work 
was successful in quantifying the real self-healing effect, because separation of self-healing 
from thixotropy seems to be a quite difficult task. The effects associated with thixotropy 
seem to be most responsible for the recovery of asphalt mixture performance properties 
during rest period. 
A reliable quantification of biasing effects is only possible if some specific laboratory con-
ditions are fulfilled (e.g. accurate stress/strain measurements, adequate measurement of 
temperature variation in asphalt sample). For quantification of the self-heating effect, tem-
perature measurements are usually carried out by inserting a small temperature sensor into 
the asphalt sample after compaction (cp. Di Benedetto et al., 2011; Mangiafico et 
al., 2015). This procedure requires drilling a hole in the asphalt sample that may result in 
weakening the material locally and in a substantial deviation of the stress field. Conse-
quently, the experiential results could be affected significantly.  
Furthermore, limited scientific work was dedicated to observing biasing effects in stress 
controlled mode, where the influence of self-heating effect may be different (due to the 
different temperature evolution) if compared to tests in strain controlled mode. However, 
the influence of rest period duration on recovery properties of asphalt mixtures considering 
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biasing effects still remains unclear. Research supporting these subjects is represented in 
Publication E (see Section 4) of this thesis. 
2.3 Testing of fatigue at asphalt mixture layers’ interface 
Since the interaction between asphalt layers in-situ is not that strong to prevent any relative 
displacement between them during traffic loading (Tozzo et al., 2014), fatigue may result 
in a degradation of asphalt mixture layers’ interface. 
Interface bonding properties in asphalt pavements are mostly evaluated using destructive 
static (monotonic) laboratory test methods, because of their simplicity and short test proce-
dure. Due to the absence of standard technical regulations of the testing mode, the number 
of different monotonic test variants have been developed over the years: torque tests, 
wedge splitting test (Tschegg et al., 1995), direct shear test (Leutner, 1979), ASTRA test 
(Santagata and Canestrari, 1994), shear test from Romanoschi and Metcalf (2002), modi-
fied direct shear test (Raab and Partl, 2004), FDOT test (Sholar et al., 2004), NCAT shear 
test device (West et al., 2005), etc. The differences between these tests are reflected in 
loading conditions, specimen geometry and preparation, as well as test temperature. Based 
on test configurations or loading procedures, the destructive interlayer test methods are 
grouped into four categories (acc. to Canestrari et al., 2013): torque test, tensile test (pull-
off test), wedge splitting test, and shear test (see Figure 19). 
 
Figure 19. Working schemes of destructive interlayer tests (Canestrari et al., 2013).  
Among these test configurations, the most popular test configuration for laboratory as-
sessment of bonding condition is based on direct shear testing. In this procedure, a constant 
shear displacement rate is applied across the layers’ interface of a double-layered asphalt 
sample until interface failure occurs. The typical result of this type of test is characterized 
by shear strength, obtained as the peak of the shear force. Figure 20, right shows the evolu-
tion of shear force over displacement in commonly used monotonic direct shear test de-
signed by Leutner (1979) (see Figure 20, left). 
Additionally to the direct shear load at layers’ interface, some monotonic test configura-
tions include application of a stress perpendicular to the interface (normal stress) in order 
to simulate the vertical traffic load more realistically (see ASTRA test, shear test from 
Romanoschi and Metcalf (2002), NCAT shear test device). Beside this enhancement, the 
torque tensile wedge splitting shear
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obtained shear strength from monotonic shear tests is generally not seen as an appropriate 
indicator for the long-term (fatigue) interface performance evaluation, because the generat-
ed shear strain is not cyclic. Usually, shear strength is used as a key parameter for quality 
control to check if sufficient bonding was achieved during paving and compaction of the 
asphalt layers. 
 
Figure 20. Monotonic direct shear test setup designed by Leutner (1979) (left), and corresponding evo-
lution of shear force over displacement until interface failure (right).  
In order to simulate field conditions more realistically, cyclic test methods have been de-
veloped more recently (Crispino et al., 1997; Carr, 2001; Romanoschi and Metcalf, 2001; 
Wellner and Ascher, 2007; Diakhate et al., 2011; Gorszczyk and Malicki, 2012; Tozzo et 
al., 2014; Zofka et al., 2015) (see Figure 21).  
Most of these tests are based on direct shear testing, where asphalt mixture specimen (cy-
lindrical or prismatic) is exposed to both cyclic shear load parallel to the interface, and 
static normal load perpendicular to the interface. The exceptions are double shear test from 
Diakhate et al. (2011) and shear test from Gorszczyk and Malicki (2012), where the addi-
tional static normal load cannot be applied. On the contrary, Romanoschi and Metcalf 
(2001) designed indirect shear tests, where both shear load and normal load are cyclically 
applied. This is due to the specific loading conditions, where longitudinal axis of the spec-
imen forms an angle of 25.5° with the vertical, so that the shear load at the interface is half 
the normal load (see Figure 21). The SISTM device developed by Tozzo et al. (2014) 
brings some enactments if comparing to the solution from Romanoschi and Metcalf 
(2001), where additional loading of the double-layered asphalt sample by the weight of test 
device is avoided. Additionally, the angle between longitudinal axis of the specimen and 
vertical axis is set to 60°. 
Among all these cyclic tests, only test apparatus developed by Wellner and Ascher (2007) 
has not been used for evaluation of fatigue properties of asphalt mixture layers’ interface. 
This type of test was solely employed for the evaluation of the temperature and frequency 
dependent interface shear stiffness.  
Legend: 1) lower frame 2) sample holder 3) lower shear ring 
4) upper shear ring 5) upper frame 6) guide pillar
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Figure 21. Some of cyclic shear tests used for evaluation of asphalt mixture layers’ interfaces. 
So far no internationally recognized method or procedure was established and accepted for 
standardization. Due to the variety of existing procedures, based primarily on different 
loading conditions (direct or indirect shear loading, temperature, loading frequency), test 
geometries and different methods for data analysis, direct comparison of test results from 
these shear tests is very complex. This is clearly shown in Figure 22 where different fa-
tigue tests result in different parameters: interface shear stiffness modulus in direct shear 
test (Diakhate et al., 2011) and permanent shear displacement (PSD) at layers’ interface in 
indirect shear test (Romanoschi and Metcalf, 2001). In this case, the direct comparison 
between test results is not possible. In extreme cases, the test results can be contradictory, 
and hence, standardization is needed. 
Dynamic shear box (Carr, 2001) Shear fa tigue test (Romanoschi and Metcalf, 2001)
Double shear test (Diakhate et a l., 2011)
SISTM device (Tozzo et a l., 2014)
Cyclic shear device  (Wellner and Ascher, 2007)
AST device (Zofka et a l., 2015)
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Figure 22. Resulting parameters from different fatigue shear tests: interface shear stiffness modulus 
evolution (normalized values) over number of loading cycles in direct shear test (Diakhate et al., 2011) 
(left), and evolution of permanent shear displacement (PSD) at layers’ interface over number of load-
ing cycles in indirect shear test (Romanoschi and Metcalf, 2001) (right). 
As to the evaluation of asphalt mixture layers’ interface fatigue properties, no comprehen-
sive research effort has been dedicated to the assessment of both test dependent parameters 
(e.g. stress conditions and test temperature) and material dependent parameters (e.g. type 
of asphalt mixture, type and amount of tack coat application, preparation of asphalt sam-
ples). The existing research studies only focused either on specific test conditions or on 
specific material parameters. Furthermore, a barely comparison between monotonic and 
cyclic tests were conducted in order to investigate if the results from monotonic shear tests 
correlate with results from cyclic tests. Research supporting these subjects is represented in 
Publication F and Publication G (see Section 4) of this thesis. 
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3 Summary of the Publications A to G 
3.1 Research objectives  
As shown in previous sections, a lot of work has been done for laboratory characterization 
of asphalt fatigue and recovery properties that are crucial for asphalt mixture optimization 
and prediction of pavement’s service life. However, there are still a number of research 
questions to be answered: 
 What is the adequate test configuration that allows plausible characterization of as-
phalt mixture fatigue resistance, and if existing, is there any possibility to reduce time-
consuming laboratory testing when considering the asphalt fatigue temperature de-
pendency? 
 How can laboratory evaluation of the recovery properties of asphalt mixtures be im-
proved, where the extensive scattering of the experimental results becomes irrelevant? 
How do biasing effects, observed during cyclic loading, influence the recovery proper-
ties in stress controlled tests, and does their influence change with the change in rest 
period duration?  
 Can cyclic shear test apparatus introduced by Wellner and Ascher (2007) be used for 
fatigue evaluation of the layers’ interface and, if so, what is the influence of various 
test and material parameters on interface fatigue properties? Are the outcomes from 
monotonic shear tests comparable with outcomes from cyclic fatigue shear tests? 
In order to clarify these research questions, the following objectives were defined to be 
answered in Publications A to G: 
 Find an appropriate test configuration that allows plausible characterization of asphalt 
mixture fatigue resistance by comparing different test types specifically selected (Pub-
lication A). 
 Develop a new fatigue protocol (using the appropriate test configuration from the pre-
vious objective) that considers the asphalt fatigue temperature dependency, without 
significantly increasing laboratory effort if compared to the procedure in accordance 
with the European Standard (EN 12697-24, 2012) (Publication B). 
 Clarify the dubiety about the factors influencing asphalt mixture recovery properties, 
especially bitumen polymer modification and asphalt mixture ageing condition (Publi-
cation C). 
 Develop a new procedure for laboratory evaluation of asphalt mixtures recovery prop-
erties, which can substantially and successfully mitigate the material-related scatter 
observed in the experimental results, allowing an accurate evaluation of the recovery 
potential (Publication D).  
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 Quantify the contribution of nonlinearity and self-heating effects to the recovery of as-
phalt mixture mechanical properties in discontinuous fatigue tests in stress controlled 
mode, and determine the change of their contributions with the variation of rest period 
duration (processed in Publication E).  
 Investigate if the existing cyclic shear test apparatus introduced by Wellner and 
Ascher (2007) can be used for the fatigue evaluation of asphalt mixture layers’ inter-
face, and conduct a comprehensive investigation on the effect of different parameters 
such as normal stress conditions, test temperature, type of asphalt mixture, type and 
amount of tack coat emulsion, preparation of asphalt samples, on interface fatigue 
properties (Publication F).  
 Investigate if the shear strength obtained from monotonic shear tests can be used as an 
indicator for the long-term interface shear performance, as observed under cyclic load-
ing (Publication G). 
3.2 Findings of research work presented in the papers 
In this thesis, a detailed laboratory investigation was conducted on fatigue cracking effects 
both in asphalt mixture and at asphalt layers’ interface, as well as on recovery properties of 
asphalt mixtures.  
In respect to the research objectives the work is structured in the following publications 
(see Section 4):  
A: Energy dissipation in asphalt mixtures observed in different cyclic stress-controlled 
fatigue tests, 
B: Sweep test protocol for fatigue evaluation of asphalt mixtures, 
C: Investigation on mixture recovery properties in fatigue tests, 
D: Experimental study on asphalt mixture recovery, 
E: Influence of rest period on asphalt recovery considering nonlinearity and self-
heating, 
F: Fatigue investigation on asphalt mixture layers’ interface, 
G: Asphalt mixture layers’ interface bonding properties under monotonic and cyclic 
loading. 
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Publication A aims in finding an appropriate test configuration that allows plausible char-
acterization of asphalt mixture fatigue resistance. In this work, the comparison between 
different test types was limited to those in stress controlled mode, since this type of loading 
is generally considered applicable to asphalt mixtures for thick asphalt pavements (cp. Sec-
tion 2.1). Therefore, following test types are considered: (i) non-homogenous indirect ten-
sile test, (ii) homogenous uniaxial tension test, and (iii) homogenous uniaxial tension-
compression test. Based on the almost same number of loading cycles at failure, compari-
son between these three test types becomes possible. The analysis of the mechanical prop-
erties evolution is performed using the dissipated energy approach, where the change of the 
hysteresis loop form and position was evaluated at the beginning of the test and at failure 
(NMacro). Rotation and expansion of the hysteresis loops with increasing number of loading 
cycles are primarily due to material fatigue (or effects associated with fatigue), while hori-
zontal shifting along the strain axis can be interpreted as a permanent deformation of the 
specimen.  
The test results indicate that indirect tensile test and uniaxial tension test present compara-
tively little change in the material mechanical properties (small change of the loop form), 
with high accumulation of plastic deformation (big shift of the loop) (cp. results for indi-
rect tensile test, Figure 23, left). On the other hand the uniaxial tension-compression test 
shows significant change in mechanical properties (approx. four times higher), with mini-
mal plastic deformation (cp. Figure 23, right).  
 
Figure 23. Hysteresis loops at cycle 100 and at failure (cycle NMacro) for indirect tensile test (left) and 
uniaxial tension-compression test (right). 
According to the test results, it can be concluded that indirect tensile test and uniaxial ten-
sion test at conventional test temperature of 20 °C are less appropriate tests for fatigue 
analysis, because the failure of asphalt specimen is primarily associated to the accumula-
tion of permanent deformation, and barely in consequence of fatigue damage. Therefore, 
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considering stress controlled mode of loading, the homogenous uniaxial tension-
compression test seems to be the most appropriate for the fatigue evaluation of asphalt 
mixtures (see also Isailović and Wistuba, 2017). Therefore, this type of test represents a 
sound basis for fatigue (as well as recovery) evaluation of asphalt mixtures. 
Publication B aims in developing a new fatigue protocol that considers the asphalt fatigue 
temperature dependency, since fatigue tests which are limited to a single temperature, alt-
hough in best accordance with European Standard (EN 12697-24, 2012), cannot be repre-
sentative for the whole in-service-temperature range. The main objective is to limit the 
increased laboratory effort to a minimum if comparing to the procedure in accordance with 
the European Standard.  
The newly developed fatigue protocol is based on amplitude sweep test, performed using a 
uniaxial tension-compression test apparatus in stress controlled mode. The schematic pro-
cedure of the test protocol is represented in Figure 24. Prior to each amplitude sweep, a 
short frequency sweep is performed at the same asphalt specimen in order to determine the 
asphalt mixture visco-elastic properties. Instead of iso-thermal test conditions (as in ac-
cordance with the European Standard), the test temperature is varied in a range of -10 °C to 
20 °C in order to cover the in-service-temperature range in a single procedure. 
 
Figure 24. Schematic procedure of the new frequency-amplitude sweep test protocol; the cryogenic 
stress obtained from TSRST is considered for fatigue evaluation in amplitude sweep test at tempera-
tures below 20 °C.  
Considering fresh and aged asphalt mixtures, both sweep tests at four temperatures and 
conventional fatigue tests at two temperatures are performed. The research results indicate 
that the new test protocol can assess the fatigue resistance as observed in conventional fa-
tigue tests (cp. Figure 25); the same ranking of asphalt mixtures by means of number of 
loading cycles at failure (NMacro) is observed at 20 °C as well as at 0 °C.  
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The research results show that the conventional fatigue assessment restricted to a single 
temperature of 20 °C, although in best accordance with the European Standard, leads to 
misleading fatigue evaluation, since it results in better fatigue resistance for the aged as-
phalt mixture compared to the original fresh mixture (cp Figure 25, left). This is a direct 
consequence of fatigue temperature dependency negligence. 
On the other hand, due to the temperature variation, a plausible evaluation of asphalt mix-
ture fatigue performance obtained from amplitude sweeps is observed, where the fresh 
asphalt mixture shows significantly improved fatigue resistance compared to the aged one 
(cp. the area underneath the polynomial functions, Figure 25, right). Additionally, the sim-
ultaneous determination of complex modulus values at different temperatures and frequen-
cies by frequency sweep allows for building a master curve, which provides a fundamental 
rheological understanding of visco-elastic materials such as asphalt mixture. Moreover, the 
new frequency-amplitude sweep test protocol relying on four temperatures requires a mar-
ginally increased laboratory effort if compared to conventional fatigue testing at single 
temperature (12 instead of 9 test samples), however, the plausible fatigue evaluation and 
determination of mixture viscoelastic properties are most beneficial. 
 
Figure 25. Fatigue functions of fresh and aged asphalt mixtures in conventional fatigue tests at 20 °C 
and 0 °C (left); resulting average number of loading cycles at failure NMacro for fresh and aged mixtures 
(fitted with polynomial functions) in new fatigue protocol for 4 test temperatures from -10 °C to 20 °C 
(right). 
Publication C aims in clarifying the dubiety about the factors influencing asphalt mixture 
recovery properties. Beside the bitumen polymer modification and asphalt mixture ageing 
condition, additional influencing factors are considered, such as asphalt mixture binder 
content, degree of compaction, and rest period duration. Recovery evaluation is based on 
discontinuous fatigue tests with single rest period (cp. Figure 26, left, top), using uniaxial 
tension-compression test in stress controlled mode. Based on the concept of dissipated en-
ergy, the recovery potential of asphalt mixture is determined through a relative change in 
1000
10000
100000
0.5 5.0
shift due 
to aging
@ 20 °C 
shift due 
to aging
@ 0 °C 
AC 11 fresh: 20 °C
AC 11 aged: 20 °C
AC 11 fresh: 0 °C
AC 11 aged: 0 °C
10000
15000
20000
25000
30000
-15 -5 5 15 25
AC 11 fresh
AC 11 aged
Temperature [-]
N
M
ac
ro
[-]
N
M
ac
ro
[-]
Stress amplitude [MPa]
Conventional 
fatigue 
testing
New 
fatigue test 
protocol
9 asphalt samples  
per temperature
shift due 
to aging
@ 20 °C 
shift due to 
aging @ 
other temp. 
12 asphalt samples  
for all temperatures
33 
dissipated energy observed at the beginning of the test and after the rest period (see Figure 
26, left, bottom). The lower the absolute dissipated energy difference, the higher is the re-
covery potential of the asphalt mixture.  
Most important research results are presented in Figure 26. Material recovery is extremely 
dependent on ageing. Aged samples show distinct lower ability to recover initial proper-
ties, which is in contrary to the theory from Van den Bergh (2011), and confirms the find-
ings from Little et al. (1999). Ageing makes the binder more brittle and more susceptible to 
fracture. Furthermore, the bitumen polymer modification showed a relatively small change 
in the recovery behaviour compared to plain bitumen, which was also observed by Kim 
and Roque (2006). Therefore, the results from Shen and Carpenter (2007) and Qiu (2012) 
could not be confirmed. 
Concerning the other influencing factors, the increase of bitumen content in asphalt mix-
ture by 0.5 % shows best recovery characteristics. This can be explained by higher flow 
processes of the bituminous mastic film that positively influences closing of the initiated 
micro cracks. The degree of compaction used in this investigation seems to have no signif-
icant influence on material ability to restore its initial properties. Furthermore, the recovery 
potential increases with the increase of the rest period duration. 
 
Figure 26. Test protocol used to characterize asphalt mixture recovery capacity (left, top); procedure 
for evaluation of the recovery potential (left, bottom); recovery potential of asphalt mixtures deter-
mined by the relative change in dissipated energy for some influencing parameters in tests with 1000 s 
rest period (right).  
Publication D aims in developing a new procedure/new recovery index for laboratory 
evaluation of asphalt mixtures recovery properties, able to mitigate the material-related 
scatter observed in the experimental results. For that purpose, laboratory investigation rely-
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ing on dissipated energy approach is employed. The procedure is based on continuous fa-
tigue tests and discontinuous fatigue tests with a single rest period, performed using the 
uniaxial tension-compression test apparatus in controlled-stress mode. 
The principle of deriving the new recovery index is presented in Figure 27. The procedure 
excludes material-related scatter in continuous tests, which are used as a basis for the re-
covery calculation (see Figure 27, left, top). This is achieved by using a unique normalized 
energy ratio-complex modulus curve (Figure 27, right, top), that follows almost the same 
trend for all conducted continuous fatigue tests, no matter how many loading cycles the 
asphalt specimen experiences at failure. Therefore, it is hypothesized that a unique trend 
can be assumed for all tests conducted at the same loading conditions. Using a so-derived 
representative fatigue curve it is possible to estimate with good approximation the maxi-
mum value of the energy ratio (ER100) for the extended first loading phase of discontinuous 
test (cp. dashed red line in Figure 27, left, bottom), that can be represented as the continu-
ous fatigue test, performed at same loading conditions. This represents the key part of the 
new recovery index that compares maximum energy ratio from test with rest period 
(ERRP100) with the calculated energy ratio from continuous tests (ER100), obtained from the 
same asphalt mixture specimen (cp. Figure 27, left, bottom). 
 
Figure 27. Principle of deriving the new recovery index. Evolutions of complex modulus and energy 
ratio in function of number of loading cycles in continuous uniaxial tension-compression fatigue tests 
(left, top); corresponding evolutions of normalized energy ratio-complex modulus curves (right, top); 
test protocol used to study the recovery potential (schematic) (right, bottom); procedure of estimating 
the new recovery index (schematic) (left, bottom). 
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Validation of the new recovery index, performed introducing different durations of rest 
period in the test procedure, shows that the recovery index increases as the rest time in-
creases, allowing for a plausible assessment of the recovery properties (see Figure 28, left). 
The result scattering is significantly reduced, indicating good test repeatability. On the con-
trary, the recovery index that compares the responses of continuous and discontinuous fa-
tigue tests based on the number of loading cycles at fatigue failure (cp. Little et al., 2001; 
Santagata et al., 2009, see Equation in Figure 28, right) does not show any reliable depend-
ence from rest period duration for the same test data (cp. Figure 28, right). Based on these 
findings, the developed recovery index can be seen as an appropriate tool for the plausible 
evaluation of asphalt mixture recovery properties. 
 
Figure 28. New recovery index (left) and recovery index that compares the responses of continuous and 
discontinuous fatigue tests based on the number of loading cycles at fatigue failure (cp. Lit-
tle et al., 2001; Santagata et al., 2009) (right), dependent on rest period duration. 
Publication E aims in investigating the asphalt mixture recovery properties in detail, 
where rest period duration dependency is studied taking into consideration nonlinearity and 
self-heating effects observed during cyclic loading. For this purpose, laboratory investiga-
tion based on uniaxial tension-compression test in stress controlled mode is employed, 
considering amplitude sweep tests, temperature sweep tests, and discontinuous fatigue tests 
with single rest periods of different durations. 
The recovery evaluation is based on observing the total complex modulus recovery during 
the rest period of discontinuous fatigue test (cp. Figure 29, left, top), where the influence of 
nonlinearity and self-heating effects on this recovery is quantified.  
In order to examine the influence of self-heating on recovery properties, a new methodolo-
gy is introduced, allowing embedding a small-size temperature sensor in the asphalt spec-
imen during compaction of the asphalt mixture. In such a way, efficient sensor integration 
can be achieved, providing a consistent continuity of the material within the specimen and 
limiting distortion of the stress field. This procedure avoids the introduction of a point of 
weakness in the specimen, as it is usually the case, when the sensor is placed after compac-
tion by drilling a hole in the specimen. 
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The research results indicate that the effect of nonlinearity on the complex modulus recov-
ery is not affected by increased rest period duration (see Figure 29, left, bottom), and is 
relatively low (8.5 %) compared to the influence of other effects. On the contrary, the ef-
fect of temperature variation in the core of the specimen occurring during cyclic excitation 
and during rest periods (self-heating), on complex modulus recovery is highly affected by 
the rest period duration (see Figure 29, right, top) and can account up to 17.1 % of the 
overall complex modulus recovery. However, by subtracting the effects of nonlinearity and 
self-heating from the total recovery, it is evident that the joint action of further effects such 
as thixotropy, self-healing, and strain relaxation (for stress controlled test only) mainly 
influences the complex modulus recovery during the rest period (see Figure 29, right, bot-
tom), with 74.4 % for rest periods longer than 15000 seconds. Nevertheless, the effects of 
nonlinearity and self-heating cannot be neglected. 
Furthermore, it was shown that for short rest period durations, the effect of self-heating 
contributes more rapidly to complex modulus recovery than other biasing effects, such as 
thixotropy, self-healing and strain relaxation. This effect vanishes when temperature reach-
es its original value (after 2500 seconds in this experiment), leaving to other biasing phe-
nomena dominant in term of complex modulus recovery. 
 
Figure 29. Total recovery of the absolute value of complex modulus in discontinuous fatigue test with 
single rest period of 86400 seconds (left, top); recovery of the absolute value of complex modulus for 
different rest period durations as a consequence of: self-heating effect (right, top), nonlinearity effect 
(left, bottom), thixotropy, self-healing and strain relaxation effects (right, bottom). 
Publication F aims in clarifying the question if the existing cyclic shear test apparatus 
introduced by Wellner and Ascher (2007) for testing stiffness can also be used for fatigue 
evaluation of asphalt mixture layers’ interface. In order to determine the influence of dif-
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ferent test and material parameters on fatigue behaviour of layers’ interface and to find the 
optimum test parameters for fatigue evaluation, a comprehensive investigation is per-
formed using continuous fatigue tests.  
The cyclic shear test apparatus introduced by Wellner and Ascher (2007) is based on direct 
shear testing, where the interface of double-layered asphalt sample is exposed to sinusoidal 
cyclic loading in displacement (strain) controlled mode (see Figure 30, left, top). In addi-
tion to the cyclic shear load, a compressive static normal stress can be applied. Both nor-
mal stress and temperature are varied on a set of bond types, differing in asphalt mixture 
type, tack coat type, and tack coat application rate. 
As a result of the continuous cyclic loading in shear fatigue test, the interface shear stiff-
ness decreases gradually, and is highly dependent on the normal stress application 
(see Figure 30, right, top). For tests with normal stress, the shear stiffness does not exhibit 
three-stage evolution, since no rapid failure of the layers’ interface occurs. This is a direct 
consequence of the applied normal stress, which through its confining action makes the 
effects of friction, adhesion and interlock much more effective. 
 
Figure 30. Schematic representation of the cyclic shear apparatus introduced by Wellner and 
Ascher (2007) (left, top); evolution of the interface shear stiffness over the number of loading cycles for 
fatigue tests at 20 °C and at three normal stress levels (right, top); fatigue functions at 10 °C, depend-
ing on normal stress level (left, bottom); fatigue functions without normal stress application (0 MPa), 
depending on test temperature (right, bottom). 
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If conducting the continuous fatigue tests at three different displacement amplitudes with 
three test replicates, a unique fatigue function for each asphalt mixture layers’ interface is 
identified (see Figure 30, bottom). Increased displacement amplitude leads to a shorter 
fatigue life of the layers’ interface. 
The research results indicate that bond fatigue properties are highly dependent on the nor-
mal stress application, and increase as the normal stress increases (see Figure 30, left, bot-
tom). This is due to enhanced friction, adhesion and interlock at the shear interface. Never-
theless, the induced compressive normal load can cause accumulation of the permanent 
deformation at the layers’ interface. This makes the fatigue evaluation even more difficult, 
since the permanent deformation accumulation can provoke shear stiffness increase. 
Furthermore, due to the different bond viscosities at the selected testing temperatures, the 
interface shear stiffness shows a remarkable high dependency, where decreased tempera-
tures lead to increased interface shear stiffness (see Figure 30, right, bottom). Independent 
on the normal stress level, the fatigue tests at 10 °C show for most bond types the best fa-
tigue results. 
Based on the comprehensive laboratory investigation, the analysis performed for finding 
the optimal test parameters indicates that the shear tests conducted at 20 °C and without 
normal stress application can be successfully used for fatigue evaluation of asphalt mixture 
layers’ interface as a first approximation. However, temperature dependency of fatigue 
also needs to be investigated for interlayer bonding.  
Publication G aims in clarifying the question if the shear strength obtained from monoton-
ic shear tests can be used as an indicator for the long-term interface shear performance, as 
observed under cycling loading. For that purpose, the comparison between results from the 
proposed cyclic shear fatigue procedure with optimal test parameters (cp. Publication F) 
and results from monotonic shear test (Leutner, 1979) is performed, using a set of bond 
types differing in the asphalt mixture type, tack coat type, tack coat application rate, and 
laboratory preparation of asphalt specimens. 
In order to allow reliable comparison between monotonic and cyclic shear tests used, the 
number of loading cycles at failure Nf = 10000 in cyclic tests is selected, where the corre-
sponding displacement amplitudes are calculated for each bond type. Based on resulting 
shear strengths from monotonic shear tests (lower shear strength implies lower interface 
bonding), and based on the calculated displacement amplitudes at Nf = 10000 from cyclic 
shear fatigue tests (lower displacement amplitude implies lower interface bonding), the 
considered bond types can be ranked with respect to interface shear bonding properties 
(see Figure 31).  
According to the best practice and research experience the cyclic shear fatigue testing leads 
to the expected bond type ranking. However, the resulting shear strength from monotonic 
shear test cannot reflect the research and practice experience for bond materials used in this 
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research in total, because differences in bond types with some specific material and pro-
duction variations cannot be recognized (cp. Figure 31). Therefore, shear strength from 
monotonic shear test can be used only as a rough indicator for the long term interface 
bonding performance.  
 
Figure 31. Bond type ranking in monotonic shear test (based on resulting shear strengths), and in cy-
clic shear test (based on calculated displacement amplitudes at N50 = 10000). 
3.3 Perspectives 
Based on the work presented in the papers, it is obvious that an appropriate evaluation of 
the fatigue and recovery properties is a quite difficult task, requiring a good insight into 
material response during cyclic loading and during rest. Particularly, it is important to 
choose an optimal test apparatus, able to appropriately address performance properties; as 
shown in this thesis a test without accumulation of permanent deformation is highly rec-
ommended for fatigue and recovery evaluation. 
Beside the significance of choosing an appropriate test configuration, the selection of the 
test temperature for fatigue evaluation plays an important role. As shown in this thesis, a 
fatigue procedure based on a punctual fatigue assessment at a single temperature, although 
in best accordance with the European Standard, can lead to misleading fatigue evaluation. 
Therefore, the new test protocol introduced represents a good alternative to conventional 
testing, since relying on extended temperature range allows for a plausible evaluation of 
asphalt mixture fatigue properties. Therefore, further work is needed for validation purpos-
es, using wider variety of different asphalt mixtures. 
Concerning the asphalt recovery properties, additional research is needed in order to dis-
criminate the specific biasing effects which drive the material recovery during rest periods 
and to examine ‘‘pure’’ self-healing properties. Since effects of nonlinearity and self-
heating could be relatively straightforward unraveled, further investigations on understand-
ing the thixotropy phenomenon during cyclic loading are necessary. For evaluation of self-
heating effects, it is highly recommended to apply the described procedure for embedding 
the small-size temperature sensor into asphalt mixture during compaction, since this proce-
dure limits potential distortion of the asphalt microstructure and provides a consistent con-
tinuity of the material within the specimen.  
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Within the selective unraveling process of biasing phenomena, better interpretation of the 
cyclic fatigue tests could be provided. Consequently, a ‘‘real’’ damage leading to the fail-
ure of asphalt mixtures could be examined for each type of fatigue test. Coupling the ef-
fects of ‘‘pure’’ self-healing and ‘‘real’’ damage, better correlation between laboratory 
tests and performance in-situ is guaranteed, allowing more precise prediction of the pave-
ment’s service life.  
Concerning the asphalt mixture layers’ interface bonding properties, a promising procedure 
was introduced for evaluation of fatigue (debonding) properties. The results reflect re-
search and practice experience. Nevertheless, further work is needed in order to improve 
test repeatability. The shear gap of 1 mm does not seem to be most appropriate, especially 
when mixtures with high nominal maximum aggregate size are used. Moreover, tempera-
ture dependency of interlayer fatigue properties needs to be studied. Since shear fatigue 
test requests extended laboratory effort compared to monotonic shear test, it is not recom-
mended to use it on a routine basis, as long as differentiating between specific bond mate-
rials in monotonic shear test is assured. 
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A Energy dissipation in asphalt mixtures observed in different cyclic 
stress-controlled fatigue tests1 
 
Abstract: During cyclic fatigue testing of asphalt mixture specimens under stress control, 
a continuous change of the strain amplitude is observed in each loading cycle either under 
pure tensile or under tensile-compressive stress conditions. Depending on the type of the 
applied load and on the specific viscoelastic behavior of the asphalt mixtures this strain 
change can dramatically vary in association with a change in various mechanical proper-
ties. In order to study the variation of mechanical properties during cyclic fatigue tests un-
der stress control an experimental program was performed using an approach based on 
dissipated energy. This study considers the following stress-controlled fatigue tests: indi-
rect tensile test, uniaxial tension test and uniaxial tension-compression test. The hysteresis 
loops are drawn, and the dissipated energy is calculated. Based on the similar number of 
loading repetitions at failure, the tests are comparatively analyzed, and the changes in me-
chanical properties are identified. As a result, the tension-compression test shows low per-
manent deformation and high variation of dissipated energy which can be attributed to a 
distinct change in the material’s mechanical properties. On the other hand, the uniaxial 
tension test and indirect tensile test exhibit high accumulation of permanent deformation 
with very few changes in mechanical properties during cyclic excitation. Based on these 
results the uniaxial tension test and the indirect tensile test in stress control are not well-
suited for fatigue analysis since failure most likely occurs by accumulation of permanent 
deformation. 
Keywords: dissipated energy, hysteresis loop, mechanical properties, permanent defor-
mation. 
                                                 
1 Isailović, I., Cannone Falchetto, A., and Wistuba, M. 2015. Energy dissipation in asphalt mixtures observed 
in different cyclic stress-controlled fatigue tests. Published in Proc., 8th RILEM International Symposium on 
Testing and Characterization of Sustainable and Innovative Bituminous Materials, Oct. 7-9, 2015, Ancona, 
Italy, Vol. 11, RILEM Bookseries, pp. 693-709, DOI: 10.1007/978-94-017-7342-3_56, Springer. 
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A.1 Introduction 
Fatigue is a major distress that leads to early failure of pavement materials. It results in 
material cracking under the effect of repeated loading. Even though the individual load is 
lower than the material's ultimate strength, due to the gradual increase in the load repeti-
tions, micro cracks initiate and accumulate, coalescing into macro cracks that finally lead 
to failure (Dowling, 1999). 
Fatigue properties of asphalt mixtures are generally determined using different laboratory 
tests under different loading modes: uniaxial, indirect, bending, in tension, compression or 
both (cp. EN 12697-24). Conventionally two loading modes are used: constant stress con-
trol for relatively thick pavements and constant strain control for relatively thin flexible 
pavements (Ghuzlan and Carpenter, 1999). 
Especially as regards test methods with dominant tensile loading (e.g. the indirect tensile 
test), depending on the type of binder, its rheological properties and aggregate gradation 
used, these tests can generate a substantial plastic (irreversible) strain as a consequence of 
material viscoelastic properties under tensile load. According to the work of Di Benedetto 
et al. (2004) the irreversible accumulated strain in fatigue tests can hide the effects associ-
ated to fatigue which is quite detrimental for analysis purposes. Consequently failure oc-
curs probably by accumulation of permanent strain (Di Benedetto, 2013). 
A laboratory analysis was therefore performed in order to observe the evolution of the ma-
terial mechanical properties and of the permanent deformation during indirect tensile fa-
tigue test (ITT). Uniaxial tension test (UTT) and uniaxial tension-compression test (UTCT) 
in stress control were also used in this investigation for the purpose of employing different 
specimen geometries and loading conditions. The analysis of the mechanical properties 
evolution was performed using the dissipated energy approach that is a fundamental in-
strument for observing the difference in material behavior during cyclic loading (Carpenter 
and Shen, 2006). 
A.2 Experimental study 
A.2.1 Material composition 
The experimental investigation was carried out using an asphalt mixture for surface course, 
i.e. asphalt concrete of the type AC 11 D S for highest road category prepared with aggre-
gates having maximum grain size of 11 mm and with a bitumen with penetration grade 
50/70 (acc. to EN 1426) in percentage of 5.9 % by total mixture weight. Figure A.1 repre-
sents the aggregate gradation curve. The tested specimens had an air voids content 
of 2.5 %. 
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Figure A.1. Aggregate gradation curve used to prepare asphalt mixture specimens. 
Test specimens were cut from slabs made with a segmented steel roller compactor. Using 
this compaction device it is possible to produce asphalt mixture slabs with adequate me-
chanical characteristics compared to those in the field (Renken, 2000). The compactor uses 
a steel roller cylindrical sector to produce a kneading action and a downward force to the 
specimen in both pre-compaction and main compaction phase (Wistuba, 2014). The pre-
compaction is displacement controlled and simulates the compaction effort of paver, and 
main compaction is force controlled and simulates the effective compaction by roller com-
pactors in the field. Each phase consists of 12 roller passes.  
A.2.2 Fatigue analysis 
Fatigue analysis of the selected asphalt mixture was performed using three different fatigue 
tests: indirect tensile test (ITT), uniaxial tension test (UTT) and uniaxial tension-
compression test (UTCT). In ITT test a vertical acting compressive stress induces in the 
specimen a non-homogeneous stress state, where in the middle portion of the specimen a 
horizontal tensile stress is observed (Figure A.2). This tensile horizontal stress leads pri-
marily to the specimen failure. In opposite to ITT test, in UTT and UTCT constant stress 
and strain fields are imposed. 
A sinusoidal cyclic stress was selected under load control mode at a frequency of 10 Hz 
and at a test temperature of 20 °C. The amplitudes were chosen through a pre-testing pro-
cedure in such a way that the different types of tests give similar fatigue lives (number of 
loading cycles at failure). As a result the following stress amplitudes were chosen: 
 ITT: induced horizontal stress amplitude = 0.133 MPa, 
 UTT: axial stress amplitude = 0.18 MPa, 
 UTCT: axial stress amplitude = 1.05 MPa. 
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Figure A.2. Principles of the indirect tensile test (left), uniaxial tension test (middle) and uniaxial ten-
sion compression test (right).  
The most important parameters for material analysis were monitored and recorded during 
the entire tests duration. For the evaluation of the number of loading repetitions at failure 
the energy ratio (ER) approach proposed by Hopman et al. (1989) was used. ER represents 
the ratio between the initial dissipated energy, to the dissipated energy at cycle n, multi-
plied by the load cycle value n: 
𝐸𝑅௡ =  
𝑛 ∙ 𝑊଴
𝑊௡
 [-], (A.1) 
where: n = cycle number [-], W0 = initial dissipated energy (for 100th cycle) [kJ/m³], 
Wn = dissipated energy at cycle n [kJ/m³].  
A typical example of the energy ratio evolution is shown in Figure A.3. 
 
Figure A.3. Typical evolution of the complex modulus and of the energy ratio over the number of load-
ing cycles in a uniaxial tension-compression fatigue test. 
By plotting ER versus the number of loading cycles, fatigue life is defined as the number 
of loading cycles for which ER achieves the maximum. The so-obtained point represents 
the transition between micro and macro cracking and is specified as NMacro.  
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A.2.3 Analysis of change in mechanical properties using dissipated energy approach 
The energy dissipated within one loading cycle represents the difference between the ener-
gy provided to the material during the loading phase and the energy released during un-
loading. If a material is perfectly elastic, the loading and unloading curves follow the same 
paths, meaning that all the energy is recovered, without any energy dissipation (Figure A.4, 
left). In case of viscoelastic materials such as asphalt loading and unloading curves do not 
overlap, which indicates loss of energy within the material. Part of the energy is dissipated 
from the system through external work, heating or damage (Ghuzlan and Carpenter, 2000).  
The ellipse generated by the loading and unloading phases is called hysteresis loop and its 
area corresponds to the energy dissipated in one loading-unloading cycle (Figure A.4, 
right). For the calculation of dissipated energy (Wn) in one loading cycle the following 
equation can be used: 
𝑊௡ =  𝜋 ∙ 𝜎௡ ∙ 𝜀௡ ∙ 𝑠𝑖𝑛𝜑௡  [kJ/m
3], (A.2) 
where: σn = stress amplitude at cycle n [MPa], εn = strain amplitude at cycle n [‰], 
𝜑n = phase angle at cycle n [°]. 
 
Figure A.4. Loading cycle in a strain-stress diagram for a perfectly elastic material (left), and for a 
viscoelastic material, such as asphalt (right). 
The dissipated energy can be used for investigating the change in mechanical properties 
during fatigue tests, since it considers variations both in the phase angle and in the strain or 
stress state (depending on the loading mode) during the material damage evolution. In 
stress controlled fatigue test the dissipated energy increases while it decreases in strain 
controlled mode. 
Based on the work of Di Benedetto (2013) the material behavior in a cyclic test can be 
characterized by the change of the form and position of the hysteresis loop in each loading 
cycle. Rotation and expansion of the hysteresis loops with increasing number of loading 
cycles is primarily due to material fatigue (or effects associated with fatigue) (Fig-
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ure A.5, left), while horizontal shifting along the strain axis can be interpreted as a perma-
nent deformation of the specimen (Figure A.5, right). On this basis, the evaluation of the 
mechanical properties during fatigue tests can be performed. 
 
Figure A.5. Interpretation of a fatigue test (left) and a permanent deformation test (right); Hysteresis 
loops for the loading cycles at the beginning and at the end of the test (cf. Di Benedetto, 2013). 
A.3 Test results and analysis 
The change in mechanical properties is evaluated in three different fatigue tests with simi-
lar fatigue life durations. Using the ER proposed by Hopman, the following numbers of 
loading repetitions at failure (NMacro) were achieved (see Figure A.6): 
 Indirect tensile test (ITT):    8650 cycles, 
 Uniaxial tension test (UTT):    8501 cycles, 
 Uniaxial tension-compression test (UTCT): 8580 cycles. 
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Figure A.6. Evolution of absolute value of complex modulus and energy ratio over the number of load-
ing cycles and achieved NMacro-s in indirect tensile test (ITT), uniaxial tension test (UTT) and uniaxial 
tension-compression test (UTCT). 
Based on the almost same number of loading repetitions at failure it is possible to conduct 
a reasonable comparison between these three tests by determining the individual changes 
in mechanical properties. As reported by Di Benedetto (2013) the change in asphalt mix-
ture mechanical properties in a fatigue test can be characterized by the change of the hyste-
resis loop form during cyclic loading, which directly corresponds to the change in dissipat-
ed energy. For this reason the hysteresis loops at the beginning of the test (at cycle 100) 
and at failure (for NMacro) are drawn and dissipated energy change between these loading 
cycles is comparatively calculated for each type of fatigue test performed. The test results 
are plotted in Figure A.7 and Figure A.8. 
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Figure A.7. Hysteresis loops at cycle 100 and at failure (cycle NMacro) for indirect tensile test (A) and 
uniaxial tension test (B). 
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Figure A.8. Hysteresis loops at cycle 100 and at failure (cycle NMacro) for uniaxial tension-compression 
test. 
The test results show that testing procedures including only tensile stress condition such as 
in ITT and UTT lead to relatively slow increase in dissipated energy (ΔW) between the 
beginning of the testes and failure, with 44.19 % and 48.33 % respectively. The hysteresis 
loops represented in Figure A.7 show relatively small change in shape with significant hor-
izontal shifting associated to plastic deformation, which in ITT test exceed 23 ‰. 
On the other hand the UTCT shows a distinct change in the shape of the hysteresis loop 
with 182.3 % growth of dissipated energy at failure (Figure A.8). The plastic strain of 
UTCT is smaller compared to ITT and UTT tests (0.31 ‰) and can be assumed as negligi-
ble.  
The higher dissipated energy change observed in the stress controlled tension-compression 
test compared to the other tests is a consequence of the significant increase of elastic strain 
amplitude and phase angle as loading repetitions increase. This implies that the material is 
experiencing higher loss in stiffness and delayed response over time with respect to ITT 
and UTT. This is associated to remarkable change in mechanical properties.  
Generation of large plastic deformation in ITT and UTT is a consequence of stress condi-
tions coupled with material's rheological characteristics. If only tensile stress acts in the 
specimen and material viscosity is low it will result in additional plastic deformation in 
each loading cycle. On the other hand in UTCT the compressive stress part in each loading 
cycle develops inverse plastic deformation (partially or entirely) and prevents the evolution 
of disproportional permanent deformation.  
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A.4 Summary  
In this study, a dissipated energy approach is applied to investigate the change of mechani-
cal properties in three stress controlled fatigue tests: indirect tensile test, uniaxial tension 
test and uniaxial tension-compression test. Based on the almost same number of loading 
repetitions at failure it was possible to conduct a reasonable comparison between these 
three tests. 
The test results show that indirect tensile test and uniaxial tension test present comparative-
ly little change in the material mechanical properties, with high accumulation of plastic 
deformation. On the other hand the uniaxial tension-compression test shows significant 
change in mechanical properties (approx. four times higher), with minimal plastic defor-
mation. 
According to the test results, it can be concluded that indirect tensile test and uniaxial ten-
sion test are not appropriate tests for fatigue analysis, because the failure is primarily asso-
ciated to the accumulation of permanent deformation, and not in consequence of fatigue 
damage. 
More research on this field is needed in order to examine the change of mechanical proper-
ties more in detail by unraveling the effects of thixotropy and material heating during cy-
clic loading. 
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B Sweep test protocol for fatigue evaluation of asphalt mixtures2 
 
Abstract: This paper presents a laboratory test protocol for evaluating fatigue properties of 
asphalt mixtures through sweep tests at multiple amplitudes and frequencies. Conventional 
fatigue evaluation of asphalt mixtures typically relies on a limited number of single fatigue 
tests, and each test is performed at constant test temperature. Moreover, in order to reduce 
laboratory effort to a minimum, testing is quite often limited to a single test temperature, 
which means that the dependency of asphalt fatigue on temperature is ignored. Such test 
procedure is in best accordance with the European Standards. However, so-derived results 
may provoke misleading conclusions, as exemplarily shown in this study. In order to solve 
this shortcoming, a sweep test protocol for fatigue evaluation of asphalt mixtures at differ-
ent temperatures is proposed. Frequency-amplitude sweeps are used for complex modulus 
evaluation and fatigue evaluation, but without significantly extending the laboratory effort 
compared to conventional fatigue testing. This sweep test protocol is applicable for fatigue 
evaluation of any asphalt mixture. 
Keywords: fatigue testing, fatigue performance, multi-stage test, frequency sweep, ampli-
tude sweep. 
                                                 
2 Isailović, I., and Wistuba, M. 2018. Sweep test protocol for fatigue evaluation of asphalt mixtures. Pub-
lished in Journal of Road Materials and Pavement Design, pp. 1-14, DOI: 10.1080/14680629.2018.1438305, 
Taylor and Francis. 
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B.1 Introduction 
Bitumen composition is primarily driven by the cocktail of hydrocarbons originating from 
the crude oil, which shows a rheologically complex viscous behaviour. If bitumen is 
stressed, the elastic and plastic shares of deformation under load are highly dependent on 
temperature and load frequency. Therefore, the distinct loading conditions play a dominant 
role, when performance and failure properties of asphalt mixtures are investigated in labor-
atory. In this context, fatigue testing of asphalt mixtures is widespread. 
Fatigue is a key failure mode of poorly designed asphalt mixtures, when stress changes 
arising from repeated traffic loading under the atmospheric conditions weaken the coher-
ence of the material in the long term. Even though the single stress arising from individual 
traffic loads is always lower than the material’s ultimate strength, due to the gradual in-
crease in the load repetitions, micro cracks initiate and accumulate, coalescing into macro 
cracks that finally lead to fatigue failure (Dowling, 1999). 
Fatigue properties of asphalt mixtures under repeated loading is studied in laboratory using 
different homogeneous or non-homogeneous cyclic tests in different loading modes: uniax-
ial or triaxial, direct or indirect, bending, tension, compression or alternating tension and 
compression, and stress-controlled or strain-controlled (cp. European Standard EN 12697-
24, 2012). 
In conventional fatigue tests, pre-fabricated asphalt specimens are subjected to numerous 
continuous sinusoidal loading cycles at a single frequency and temperature, where the 
stress amplitude (or strain amplitude respectively in a strain-controlled test) is maintained 
over the whole test duration. Fatigue testing of one asphalt mixture relies on three different 
load amplitudes with at least three test replicates. For example, 18 asphalt specimens are 
tested according to European Standard (EN 12697-24, 2012). From all test replicates, a 
unique fatigue curve in form of a potential function is drawn, which represents fatigue life 
in function of applied stress amplitude (or strain amplitude respectively in a strain-
controlled test). This specific fatigue function is used as key performance property for the 
durability of the asphalt mixture investigated. In some European countries, it also repre-
sents an important input to mechanistic pavement design, which aims to an optimization of 
the pavement layer thicknesses (see Mollenhauer and Wistuba, 2009). 
Depending on the applied fatigue test type and procedure, fatigue properties of specific 
asphalt mixture are conventionally determined at a single test temperature in a range of 10-
30°C (cp. EN 13108-20, 2016) in order to limit laboratory effort. However, as asphalt fa-
tigue behaviour is driven by the rheological properties of the bitumen to a non-negligible 
extent, numerous authors claim that asphalt fatigue properties are highly dependent on test 
temperature (see e.g. Bodin et al., 2010; Ghuzlan and Carpenter, 2003; Mollenhauer and 
Wistuba, 2009; NCHRP, 2004). Fatigue tests which are limited to a single temperature, 
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although in best accordance with European Standards, may provoke misleading conclu-
sions. 
B.2 Research background and approach 
B.2.1 Fatigue evaluation of reclaimed and aged asphalt pavements 
In last decades, increased demand for re-use of asphalt mixtures from reclaimed asphalt 
pavements (RAP) has led to increased recycling rates, which in some European countries 
exceed the value of 50 % (Hugener, 2017). RAP-containing asphalt mixtures are partly 
composed of fresh components, i.e. aggregate and bitumen, and of old components formed 
by the reclaimed aggregate which is coated with old bitumen. The bitumen properties have 
changed significantly due to ageing during pavement construction and time in service. Bi-
tumen ageing is mainly attributed to the temperature dependent volatile loss of substance, 
making the bitumen highly elastic and brittle (see e.g. Airey, 2003). In general, RAP-
containing asphalt mixtures are potentially more susceptible to cracking compared to fresh 
asphalt mixtures, especially in the low temperature range. 
However, as postulated in the technical specifications, RAP-containing asphalt mixtures 
need to undergo the same conventional fatigue testing procedure as determined in the tech-
nical standards. As mentioned above, such fatigue tests are mostly limited to a single test 
temperature, and therefore may identify better fatigue resistance compared to the original 
asphalt mixtures with fresh aggregate, which is unexpected for low temperatures 
(cp. Mangiafico et al., 2017; Pérez-Martinez et al., 2016; Sonmez et al., 2016; 
Wistuba et al., 2015). 
Similar conclusions were drawn for laboratory aged asphalt mixtures (Perez-
Martinez et al., 2016; Van Den Bergh, 2001). Figure B.1 exemplary shows such observa-
tion, where results from classic fatigue tests are compared of fresh and laboratory aged 
AC 22 base course asphalt mixtures. Aging of the asphalt mixture was achieved by expos-
ing the loose bitumen-covered aggregate to a temperature of 80 °C for a duration of 96 h, 
prior to compacting the mixture to form test specimens (aging procedure acc. to Büchler et 
al., 2009). Fatigue properties were determined in cyclic indirect tensile tests at a constant 
test temperature of 20 °C, and at a constant test temperature of 0 °C. Interestingly, consid-
ering the fatigue properties at the test temperature of 0 °C, the fresh asphalt mixture shows 
favorable fatigue properties compared to the aged mixture (Figure B.1). This indicates the 
importance of considering more than one test temperature for fatigue evaluation, regardless 
of the asphalt mixture considered. Consequently, a more reliable fatigue evaluation will 
lead to better correlation with in-field fatigue performance. 
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Figure B.1. Fatigue functions of fresh and aged base course asphalt mixture AC 22 in indirect tensile 
test at 20 °C and at 0 °C. 
B.2.2 Research approach 
In order to overcome the shortcomings when evaluating asphalt mixture fatigue properties 
in accordance with the European Standards, an alternative fatigue test protocol is presented 
in this study, which allows for plausible evaluation of asphalt mixture fatigue properties, 
while at the same time the test effort is limited to a minimum. 
Based on numerous research efforts, it has been shown that accelerated fatigue tests in 
form of amplitude sweep can be successfully used for full fatigue evaluation of both binder 
and asphalt mixture, since this type of test appears to have the ability to indicate fatigue 
life as obtained by the conventional fatigue test (Hintz and Bahia, 2013; Johnson, 2010; 
Pérez-Jiménez et al., 2013). Therefore, the new fatigue protocol is based on frequency-
amplitude sweep tests and on uniaxial tension-compression testing of prismatic asphalt mix 
specimens in stress-controlled mode. Fresh and aged asphalt mixtures for wearing course 
type AC 11 were considered. 
Conventional fatigue tests and frequency-amplitude sweep tests were performed at differ-
ent test temperatures. At low temperatures, the thermal induced cryogenic stress, as ob-
served in thermal stress restrained specimen test (TSRST), was considered. Figure B.2 
provides the flow chart of the research approach. 
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Figure B.2. Flow chart of the research approach. 
B.3 Experimental study  
B.3.1 Material composition and specimen preparation 
Investigation of the fatigue properties was carried out using a standard asphalt mixture for 
surface courses, i.e. AC 11 (asphalt concrete, continuous grading, 11 mm maximum aggre-
gate grain size) in fresh and aged conditions. The mixture gradation and composition char-
acteristics are given in Table B.1. 
Table B.1: Gradation and composition characteristics of AC 11 in fresh and aged condition 
Gradation AC 11:  
Passing on sieve [M.-%] 
Composition  
characteristics: 
Fresh 
AC 11 
Aged 
AC 11 
0.063 mm 5 Binder type 50/70 
1 mm 23.2 Binder content [%] 5.7 
2 mm 36 Ring & Ball [°C] 60.4 71.4 
5.6 mm 62.2 Volumetric mass density [g/cm3] 2.640 
8 mm 
 
74.2 Bulk density [g/cm3] 2.493 2.480 
11.2 mm 99.1 Air voids content [%] 5.57 6.06 
 
For aging simulation in laboratory, the loose non-compacted mixture was spread on a grid 
and exposed to hot air (80 °C) for 96 h (4 days) in order to achieve homogenous ageing of 
the asphalt mix components (Büchler et al., 2009). This was done to achieve an increase of 
more than 10 °C in softening point Ring and Ball compared to the original virgin binder 
(cp. Table B.1). 
Asphalt mixture slabs having dimensions 320 × 200 × 50 mm3 were prepared using the 
segmented steel roller compaction method (Wistuba, 2016). In order to monitor the tem-
Asphalt mixture ageing and preparation of test specimens
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perature variation inside the asphalt specimen during cyclic loading, temperature sensors 
PT100 were placed in the loose mixture within the compaction mould prior to mix com-
paction (Figure B.3). Due to its relatively small size and robustness through ceramic hous-
ing, a good integration of the sensor in the asphalt mixture was achieved, without weaken-
ing the asphalt specimen internal structure. From the asphalt mixture slabs, prismatic spec-
imens were cut with final dimensions of 50 × 50 × 160 mm3 (final position of the tempera-
ture sensor is in the middle part of the specimen, Figure B.3). 
 
Figure B.3. Procedure for placing the temperature sensor PT100 for temperature monitoring inside 
the asphalt specimen. 
B.3.2 Laboratory testing 
Conventional fatigue tests and frequency-amplitude sweep tests on both fresh and aged 
asphalt mixtures were performed at following temperatures: 
 20 and 0 °C for conventional fatigue tests, and 
 20, 10, 0 and -10 °C for frequency-amplitude sweep tests. 
Related to field observations, pavement structure is exposed to thermal cryogenic stress 
arising from the temperature decrease over time and restrained thermal contraction 
Wistuba et al., 2009). This thermally induced tensile cryogenic (low temperature) stress is 
highly asphalt mixture dependent and is to be considered for fatigue evaluation at low tem-
peratures, since traffic-related stress may be superposed by tensile thermal stress 
(Arand, 1985; Mollenhauer and Wistuba, 2009; Pérez-Jiménez et al., 2011). For this rea-
son, the thermal stress restrained specimen tests were additionally performed in order to 
determine cryogenic stresses at 10 °C, 0 °C and -10 °C for both fresh and aged asphalt 
mixtures. 
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B.3.2.1 Thermal stress restrained specimen test 
TSRST is designed to simulate the weather-induced cooling of an asphalt pavement and 
intends to recover the thermal cryogenic stress arising from suppressed material shrinking. 
During TSRST, the specimen is held at constant length, while its temperature is decreased 
from a start temperature of 20 °C with a constant cooling rate of ∆T = -10 °C/h. A close-
loop control system keeps the specimen at constant length. Due to the prohibited thermal 
shrinkage, the specimen is objected to an increasing cryogenic tensile stress. The test ends 
at a minimum test temperature of -40 °C or at failure respectively, when the cryogenic 
stress reaches the tensile strength of the asphalt specimen. TSRST results in a temperature-
dependent function of cryogenic stress (σcry). 
B.3.2.2 Conventional fatigue test 
Evolution of the fatigue properties was performed using uniaxial tension-compression test 
in stress-controlled mode. This type of test is common for fatigue evaluation, since it simu-
lates both tensile and compressive stresses occurring in the pavement due to wheel loading 
(Wistuba and Perret, 2004). Figure B.4 shows the test setup used. The most important pa-
rameters for material analysis, such as stress amplitude, strain amplitude, temperature, etc., 
were monitored and recorded during the entire test duration. 
         
Figure B.4. Test setup for uniaxial tension compression fatigue test (left) and principle of applying 
thermal cryogenic stress (σcry) (right). 
Conventional continuous fatigue tests (cp. EN 12697-24, 2012) were performed at two 
temperatures (20 °C and 0 °C) and at a fixed frequency of 10 Hz. An additional cryogenic 
tensile stress (σcry), as observed in TSRST, was applied as an offset in the stress signal (see 
Figure B.4, right). In order to optimize the test duration, the following stress amplitudes 
were applied for testing both fresh and aged asphalt mixtures: 
 0.7 MPa, 0.9 MPa and 1.2 MPa, at 20 °C always, and 
 1.8 MPa, 2.0 MPa and 2.25 MPa, at 0 °C always. 
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For the determination of the number of loading cycles until fatigue, the approach based on 
the energy ratio (ER, Equation B.1) proposed by Rowe and Bouldin (2000) was used. By 
plotting ER versus the number of loading cycles, the fatigue life is defined as the number 
of loading cycles when ER is maximum. This number of loading cycles represents the tran-
sition between micro cracking and macro cracking and is specified as NMacro. 
𝐸𝑅௡ =  𝑛 ∙ |𝐸| [MPa], (B.1) 
where: ERn  = energy ratio at cycle n [MPa], n = cycle number [-],│E│= absolute value of 
complex modulus at cycle n [MPa]. 
In order to obtain the fatigue functions for all test temperatures and mixture variants (fresh 
and aged), three stress amplitudes were considered with at least three test repetitions (re-
sulting in 9 asphalt samples in total).  
B.3.2.3 Frequency-amplitude sweep test protocol 
The frequency-amplitude sweep test was performed using uniaxial tension-compression 
test apparatus in strain control and stress control (cp. Figure B.4, left) at four test tempera-
tures (20, 10, 0 and -10 °C).  
The new fatigue test procedure relies on frequency sweep and on amplitude sweep. The 
frequency sweep is intended for determination of the asphalt mixture viscoelastic proper-
ties, and the amplitude sweep is intended for evaluation of the asphalt mixture fatigue 
properties. A scheme is represented in Figure B.5, and explained in the following. 
The test starts with a strain-controlled frequency sweep, considering six different frequen-
cies in a range from 0.1 to 10 Hz. Due to the relatively low strain amplitude of 50 μm/m, 
the total number of 300 cycles in frequency sweep does not generate any fatigue damage in 
the asphalt specimen, as known from laboratory experience and as specified in the Europe-
an Standards. The number of loading cycles for each frequency was limited to an appropri-
ate number to effectively determine the complex modulus value. Depending on the test 
machine used, this number of loading cycles for each frequency deviates, but should al-
ways be kept as low as possible. 
Thereafter an amplitude sweep at the fixed frequency of 10 Hz is applied on the same spec-
imen. The stress amplitude starts from 0.35 MPa (associated to an elastic strain of 50 μm/m 
at 20 °C at the beginning of the test) and is increased stepwise in increments of 0.15 MPa 
until the specimen fails. Each loading sequence consists of 2000 loading cycles. This num-
ber of loading cycles was chosen through a pre-testing procedure in such a way that the 
laboratory effort remains acceptable. 
At each test temperature, at least 3 test repetitions are run (resulting in 12 asphalt samples 
in total), and the corresponding number of total loading cycles at failure are determined. 
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Figure B.5. Schematic procedure of the new frequency-amplitude sweep test protocol for fatigue test-
ing of asphalt mixtures. 
B.4 Test results  
B.4.1 Thermal stress restrained specimen tests 
Cryogenic stresses derived for both fresh and aged asphalt mixtures, with three test repeti-
tions are shown in Figure B.6, where cryogenic tensile stresses are plotted over tempera-
ture. The fresh asphalt mixture accumulates slightly less cryogenic tensile stress, and there-
fore should advantageously influence fatigue resistance. 
Cryogenic stresses to be considered for fatigue testing are presented in Table B.2. 
Table B.2: Cryogenic stresses for fresh and aged asphalt mixtures at 10, 0 and -10 °C 
 Fresh AC 11 Aged AC 11 
Cryogenic stress at 10 °C [MPa] 0.031 0.040 
Cryogenic stress at 0 °C [MPa]  0.191 0.284 
Cryogenic stress at -10 °C [MPa] 0.865 1.044 
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Figure B.6. Cryogenic tensile stresses over temperature, stated in TSRST for fresh and aged asphalt 
mixtures. 
B.4.2 Conventional fatigue test 
During fatigue testing, as a consequence of the increased excitation due to cyclic loading, 
the absolute value of complex modulus is reduced continuously during the test. An exam-
ple is demonstrated in Figure B.7, where complex modulus, energy ratio and specimen 
core temperature are plotted over the number of loading cycles for fresh asphalt mixture 
tested at 20 °C. Due to the viscous energy dissipation, an increase of the specimen core 
temperature of 1.41 °C (until macro cracking) is recorded by the embedded temperature 
sensor. 
Figure B.8 shows the obtained fatigue functions, in terms of potential functions in log-log 
scales for fresh and aged asphalt mixtures at 20 °C and 0 °C. Even though the cryogenic 
tensile stress was considered at 0 °C, the specimens of both asphalt mixtures show in-
creased fatigue resistance with decreased test temperature. At 20 °C the specimens of the 
aged asphalt mixture show better fatigue resistance compared to the one of fresh asphalt 
mixture, which is due to the increased material stiffness of the aged asphalt mixture. 
At 0 °C the contrary is observed, showing a shift for the aged asphalt specimen to inferior 
fatigue resistance. 
The temperature increase during cyclic excitation measured until macro crack initiation 
(NMacro) does not significantly change in terms of material type (fresh or aged asphalt mix-
ture), but it is highly dependent on test temperature. At 20 °C some asphalt mixture speci-
mens showed a temperature change of 2.2 °C. Such temperature increase can significantly 
influence the fatigue and recovery properties of the asphalt mixture (cp. Di Benedetto et 
al., 2011; Isailović et al., 2017). Fatigue testing at 0 °C does not induce such temperature 
development, where the average increase is 0.52 °C. 
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Figure B.7. Evolutions of absolute value of complex modulus, energy ratio, and specimen core temper-
ature in function of number of loading cycles in (conventional) tension-compression fatigue test at 
20 °C and for 0.7 MPa stress amplitude for fresh asphalt mixture AC 11. 
 
Figure B.8. Fatigue functions for fresh and aged asphalt mixtures AC 11 in conventional tension-
compression fatigue tests at 20 °C and 0 °C. 
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B.4.3 Frequency-amplitude sweep tests 
B.4.3.1 Frequency sweep  
Figure B.9 exemplarily shows the average complex modulus values obtained from 12 test-
ed asphalt specimens in frequency-amplitude sweep tests at 4 temperatures and 6 frequen-
cies for fresh asphalt mixture. Each point in the diagram represents the mean value of three 
test repetitions.  
 
Figure B.9. Complex modulus values in dependence of temperature and frequency obtained from fre-
quency sweep test for fresh asphalt mixture. 
Based on the principle of time-temperature correspondence (Pellinen, 1998), the master 
curve can be drawn using a reference temperature (TRef) of 10 °C. The temperature shift of 
the complex modulus is obtained using the Arrhenius equation, reading 
log 𝛼்=
0.4347 ∙ 𝐸௔
𝑅
 ∙ ቆ
1
𝑇
−
1
𝑇௥௘௙
ቇ [-], (B.2) 
where: αT = shift factor [-], R = ideal gas constant [8.314 J/mol.K], T = experimental tem-
perature [°C], TRef = reference temperature [°C]. 
The master curve is modeled using a sigmoidal function, reading 
│E│= 𝑦଴ +
𝑤
1 + 𝑒ିቀ
௫ି௫బ
௭ ቁ
 [MPa], (B.3) 
where: │E│ = absolute value of complex modulus [MPa], y0, w, x0, z = model parame-
ters [-], x = logarithms of reduced frequency log(αT·f). 
The model parameters are obtained by minimizing the sum of square of errors between 
experimental and modeled values using the solver function in an Excel spreadsheet.  
Figure B.10 represents the resulting master curves for fresh and aged asphalt mixtures for 
the reference temperature of 10 °C. Due to the increased binder stiffness, the aged asphalt 
mixture shows higher complex modulus values in the high temperature range. Interesting-
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ly, if considering temperatures below 7 °C the fresh asphalt mixture is stiffer than the aged 
one. This is probably due to the slightly decreased bulk densities of aged asphalt samples 
(cp. Table B.1), where increased binder stiffness cannot compensate the relatively internal 
structure. 
 
Figure B.10. Master curves for fresh and aged asphalt mixtures for a reference temperature of 10 °C.  
It should be noted, that the tested temperature range from 20 °C to -10 °C can be extended 
with minor laboratory effort in order to better estimate the complex modulus values at re-
spectively high and low temperatures.  
B.4.3.2 Amplitude sweep  
Subsequent to the strain-controlled frequency sweep, amplitude sweep in stress-controlled 
mode was performed until asphalt specimen failure. As a consequence of the increased 
stress amplitude and the cyclic excitation, the absolute value of complex modulus is con-
tinuously reduced (see example in Figure B.11). Contrary to conventional fatigue testing 
(cp. Section B.4.2), the evolution of the absolute value of complex modulus does not show 
three disparate phases. The first phase (rapid decrease of the complex modulus) does not 
exist, because the effects of nonlinearity, thixotropy and heating are relatively small at low 
stress amplitudes. Due to viscous energy dissipation, an increase of the specimen core 
temperature is recorded by the embedded temperature sensor (Figure B.11). 
For each test temperature, at least three test repetitions were run. The resulting average 
fatigue lives (NMacro) of 12 fresh and 12 aged asphalt samples, fitted with polynomial func-
tions, are shown in Figure B.12. The scatter of results was determined for a coefficient of 
variation of less than 0.1. 
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Figure B.11. Evolution of the absolute value of complex modulus, energy ratio and specimen core tem-
perature in function of the number of loading cycles in the amplitude sweep for fresh asphalt mixture 
at 10 °C. 
Similarly to the results from conventional fatigue tests, a decrease in test temperature to 
0 °C leads to better fatigue resistance. Below 0 °C, the fatigue properties of fresh asphalt 
mixture continued to increase. Contrary, the NMacro values of aged asphalt mixture reached 
their maximum at approximately -3 °C, where an additional drop of the test temperature 
leads to fatigue resistance reduction. 
By comparing the average NMacro values at 20 °C and at 0 °C of fresh and aged asphalt 
mixtures (Figure B.12), the mixture ranking is identical as observed in the conventional 
fatigue tests (cp. Figure B.8). In addition, it is shown, that aging significantly reduces fa-
tigue resistance at low temperatures. This is clearly illustrated in Figure B.12, by compar-
ing the area underneath the polynomial functions, where the fresh asphalt mixture shows a 
considerable bigger area. It becomes obvious, that the punctual fatigue evaluation as in 
conventional fatigue testing (e.g. at 20 °C) leads to misleading fatigue evaluation putting 
advantage on the aged asphalt mixture. 
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Figure B.12. Resulting average NMakro values of 12 fresh and 12 aged asphalt samples (fitted with poly-
nomial functions) in amplitude sweep at 4 test temperatures. 
Similarly to the conventional fatigue results, the temperature increase during cyclic excita-
tion measured until macro crack initiation (NMacro) does not significantly change in terms 
of material aging. Again, higher temperatures contribute more to the specimens heating, 
where at 20 °C the temperature change was up to 0.80 °C. Due to the significantly lower 
specimen heating compared to conventional fatigue testing, the fatigue results will be less 
influenced. At 0 °C the average increase was 0.42 °C. 
B.5 Summary and conclusions 
In this study, the fatigue properties of fresh and aged asphalt mixtures were investigated, 
using cyclic uniaxial tension-compression test run in two different modes: conventional 
fatigue test and fatigue test based on sweep test at multiple amplitudes and frequencies. 
The conventional fatigue evaluation in accordance with the European Standards at single 
temperature results in general in a better fatigue resistance for the aged asphalt mixture, 
compared to the original fresh mixture. This does not correlate with expectance, and there-
fore, the punctual fatigue evaluation at single test temperature is not reliable. 
Since asphalt mixture fatigue properties are highly temperature dependent, it is concluded, 
that fatigue tests need to be run for a wide temperature range. Therefore, a new fatigue 
procedure is proposed, relying on frequency-amplitude sweep tests at 4 different tempera-
tures between 20 °C and -10 °C. A frequency sweep (intended for evaluation of viscoelas-
tic properties) is followed by an amplitude sweep (intended for evaluation of fatigue re-
sistance) until specimen failure. Based on complex modulus values from frequency sweeps 
at four temperatures and six frequencies the asphalt mixture master curve can be drawn. 
Due to the temperature variation, a plausible evaluation of the asphalt mixture fatigue per-
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formance obtained from amplitude sweeps was observed, where the fresh asphalt mixture 
showed significantly improved fatigue resistance compared to the aged one. 
The alternative test protocol with frequency-amplitude sweep tests requires a marginally 
increased laboratory effort if comparing to conventional fatigue testing (12 instead of 9 test 
samples), however, the plausible fatigue evaluation and determination of mixture viscoe-
lastic properties are most beneficial. 
Since these findings are based on investigations on a limited number of asphalt mixture 
types, extended research is needed in order to validate the proposed fatigue evaluation pro-
cedure. 
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C Investigation on mixture recovery properties in fatigue tests3 
 
Abstract: In this paper the asphalt mixture recovery properties in fatigue tests are investi-
gated based on dissipated energy approach. In order to determine the influence of material 
ageing, bitumen content, polymer modification and compaction energy on material ability 
to recover its initial characteristics, different variations of an asphalt mixture for surface 
course AC 11 D S were prepared. Recovery of material mechanical properties is observed 
during a single rest period, introduced into tension-compression cyclic fatigue tests under 
stress control. The analysis of the experimental results reveals that there is a significant 
influence of the duration of rest period on recovery capability. A plateau phase is achieved 
when the length of the rest period does not have any impact on asphalt recovery properties. 
Asphalt ageing plays an important role in reducing the effects of material recovery. The 
degree of compaction used in this research seems to have no influence on material ability 
to restore its initial properties. Mixtures prepared with additionally 0.5 % of bitumen by 
mass show the best recovery characteristics compared to other variations. 
Keywords: dissipated energy; rest period; material recovery properties. 
                                                 
3 Isailović, I., Wistuba, M., and Cannone Falchetto, A. 2017. Investigation on mixture recovery properties in 
fatigue tests. Published in Journal of Road Materials and Pavement Design, pp. 1-11, 
DOI: 10.1080/14680629 .2017.1300598, Taylor and Francis.  
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C.1 Introduction 
Understanding the recovery properties of asphalt materials is fundamental for improving 
the mix design, the construction methods and the field response of asphalt pavements. 
Therefore, the rest period occurring between repeated axles loads of the same or of differ-
ent vehicles represents one of the critical parameters which may significantly influence the 
long-term pavement performance.  
Traditional laboratory test methods for characterizing the fatigue life of asphalt mixtures 
do not include rest periods in the testing procedure, since this would imply longer tests 
durations, which may not be practical on a routine basis; hence, their influence on pave-
ment life is commonly neglected. Nevertheless, the current testing methods are not neces-
sarily representative of the effective loading spectrum which a real pavement experiences.  
When comparing the number of cycles required for achieving fatigue failure from conven-
tional laboratory experiments with the actual field measurements, longer field fatigue life 
is observed. To take into account this difference, shift factors are conventionally adopted to 
match field observations and laboratory results (Carpenter and Shen, 2006). This is be-
cause rest periods allow a certain degree of recovery of material mechanical properties. 
This is associated with a number of phenomena such as relaxation of stresses (due to the 
material viscoelasticity) and healing of the micro cracks occurred in the asphalt mixture 
(Kim and Roque, 2006), resulting in an extended durability of the pavement. This has been 
recognized by many researchers and a considerable number of studies show significant 
impact of rest phases on the damage evolution in asphalt structures (Carpenter and Shen, 
2006; Kim and Roque, 2006; Little et al., 1999; Shen et al., 2009).  
The recovery capability of asphalt mixtures having different mix design is experimentally 
investigated in the present research by introducing rest periods of various durations in the 
tests procedure. The dissipated energy approach which is a fundamental analysis tool for 
observing the difference in material behaviour during cyclic loading is used for analyzing 
the material recovery properties (Carpenter and Shen, 2006). In particular, it is expected 
that the findings can be used for selecting better pavement materials, since the asphalt ma-
terial that has higher recovery capability accumulates less deformation and less damage in 
the asphalt layer (Luo et al., 2013). 
C.2 Experimental study 
C.2.1 Material composition 
Fatigue recovery tests were performed on a set of asphalt mixtures of a surface course mix 
type AC 11 D S. All asphalt mixtures were prepared with aggregate of a maximum grain 
size of 11 mm. Figure C.1 presents the aggregate gradation curve. Plain bitumen with pen-
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etration grade 50/70 and a polymer-modified bitumen 25-55/55 were used (5.9 % by total 
mix weight).  
Test specimens were cut from slabs (500 × 700 × 40 mm3) made using the segmented steel 
roller compaction method (see Figure C.2). Using the standard compaction procedure it is 
possible to produce asphalt mixture slabs with nearly the same characteristics (air voids 
distribution, particle distribution, particle orientation and performance properties) com-
pared to those in the field (Renken, 2000). The compactor uses a steel roller cylindrical 
sector to produce a kneading action and downward force to the specimen in both pre-
compaction and main compaction phases (see Wistuba, 2014). The pre-compaction phase 
is displacement controlled and is intended to simulate the compaction effort of the road 
paver. The main compaction phase is assumed to simulate the compaction by the road roll-
er and consists of 12 roller passes in stress control. 
 
Figure C.1. Aggregate gradation curve used to prepare asphalt mixture specimens. 
In addition, the following factors were modified for the preparation of specimen and in the 
basic mix design, which includes a plain bitumen 50/70: 
 mixture long-term ageing using the Braunschweig Aging Protocol (Buchler et 
al., 2009) (final air voids content of 3.4 % in the compacted mixture), 
 mixture preparation with additional 0.5 % bitumen by weight (final air voids content 
of 1.0 % in the compacted mixture), 
 high slab compaction energy/effort of asphalt mixture introducing 14 rolling passes in 
the main compaction phase (final air voids content of 2.2 % in the compacted mix-
ture), 
 low slab compaction energy/effort of asphalt mixture introducing 10 rolling passes in 
the main compaction phase (final air voids content of 2.6 % in the compacted mix-
ture). 
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Figure C.2. Segmented steel roller compactor at TU Braunschweig.
Long-term mixture ageing was simulated in the laboratory using the modified Strategic 
Highway Research Program ageing procedure (Bell, 
ture was spread on a grid and exposed to hot air (80
the homogenous ageing of the asphalt mix components (B
done to achieve an increase of 12
nal virgin binder. 
C.2.2 Testing composition and test description
For the evaluation of the mixture recovery properties, the uniaxial stress
sion-compression fatigue test was used. This test creates homogenous stress and strain 
fields in the middle portion of specimen and represents a reasonable configuration for the 
estimation of the fatigue life of 
the test equipment used in the present study.
Figure C.3. Testing set-up used for the recovery evaluation.
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A sinusoidal cyclic load in tension and compression at the effective stress amplitude of 
1.05 MPa (associated elastic strain of 200 μm/m at the beginning of the test) was imposed 
on the prismatic specimens (specimen size 40 × 40 × 160 mm3) in order to optimize test 
duration. A constant frequency of 10 Hz and a temperature of 20 °C were used during test-
ing, with at least two test replicates. Loading was applied until the material experienced a 
decrease in the complex modulus down to 75 % of its initial value (|E100|), determined at 
the 100th loading cycle (Phase 1, Figure C.4). Then, a single rest period (RP) was applied 
in order to allow the specimen to recover (partly or completely) its initial mechanical char-
acteristics; during the rest period the specimen is stress-free. At the end of the rest period, 
the specimen is loaded with a new loading sequence (Phase 2, Figure C.4) till failure. Fig-
ure C.5 shows the applied rest period durations for specific mixture compositions.  
 
Figure C.4. Test protocol used to characterize asphalt mixture recovery capacity: Phase 1 + rest period 
(RP) + Phase 2. 
The used testing procedure with one rest period does not simulate real loading conditions 
in the field, however, it provides the opportunity to better estimate the influence of the rest 
period on material recovery potential compared to procedures with rest periods after each 
loading cycle. 
C.2.3 Recovery evaluation 
Dissipated energy approach was used to investigate the asphalt mixture recovery proper-
ties. The energy dissipated within one loading cycle represents the difference between the 
energy provided to the material during the loading phase and the energy returned during 
unloading. Namely, if a material is perfectly elastic, the loading and unloading curves fol-
low the same paths, meaning that all the energy is recovered or returned, without any ener-
gy dissipation (Figure C.6, left). In case of viscoelastic material, such as asphalt, loading 
and unloading curves do not overlap, which indicates loss of energy within the material. 
Part of the energy is dissipated out of the system through external work, heat generation or 
damage (Ghuzlan and Carpenter, 2000). The generated ellipse is called hysteresis loop and 
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its area corresponds to the energy dissipated in one loading-unloading cycle (Fig-
ure C.6, right). 
 
Figure C.5. Rest period durations for specific mixture compositions. 
For the calculation of dissipated energy (Wn) in one loading cycle, the following equation 
can be used for linear viscoelastic materials: 
𝑊௡ =  𝜋 ∙ 𝜎௡ ∙ 𝜀௡ ∙ 𝑠𝑖𝑛𝜑௡  [kJ/m
3], (C.1) 
where: σn = the stress amplitude at cycle n [MPa], εn = the strain amplitude at cycle n [‰], 
φn = the phase angle at cycle n [°]. 
 
Figure C.6. One loading cycle in the strain-stress diagram for a perfectly elastic material (left), and for 
a viscoelastic material, such as asphalt (right). 
The mechanical behaviour during cyclic loading is considered both in terms of strain and 
phase angle change (in stress-controlled test) during the material damage evolution. It is 
worth to mention that not all the dissipated energy in one loading cycle is responsible for 
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material damage. Only a portion of the total energy that is dissipated is used for damaging 
the material (Ghuzlan and Carpenter, 2000). 
Based on the concept of dissipated energy, the asphalt mixture recovery properties can be 
determined through a relative change in dissipated energy (∆W, Equation C.2) between the 
beginning of Phase 1 (at the 100th cycle in Phase 1) and the beginning of Phase 2 (at the 
100th cycle in Phase 2) of the test. By taking into consideration that dissipated energy in 
stress-controlled fatigue test increases (as a consequence of permanent material deteriora-
tion), ∆W can have negative values when the material mechanical properties are not com-
pletely recovered during the rest period. If, after the rest period, the material properties are 
the same as at the beginning of the tests, ∆W is equal to 0 %. 
∆𝑊 =  
𝑊ଵ଴଴_ଵ − 𝑊ଵ଴଴_ଶ
𝑊ଵ଴଴_ଵ
 ∙ 100 [%], (C.2) 
where: W100_1 = the dissipated energy at the 100th loading cycle in Phase 1 [kJ/m3], 
W100_2 = the dissipated energy at the 100th loading cycle in Phase 2 [kJ/m3]. 
A relative change in dissipated energy indicates the material capability of recovering its 
initial characteristics after the induced rest period. Relative recovery of the dissipated en-
ergy in the rest period can be caused by material healing, thixotropy and temperature de-
crease in the specimen (as a consequence of material heating during cyclic loading) 
(Di Benedetto et al., 2011). 
C.3 Research results and analysis 
The asphalt mixture recovery properties, prepared with bitumen having penetration grade 
of 50/70, were evaluated under rest periods of different durations. All tests were performed 
at temperature T = 20 °C with at least two test replicates. The results are presented in Ta-
ble C.1 and Figure C.7.  
Although all samples were loaded until the same drop of the complex modulus in Phase 1, 
computing the percentage difference between dissipated energy at the end and at the be-
ginning of Phase 1 (at 100th cycle) it can be seen that the values are not consistent 
(see Table C.1). This is due to the different phase angle change during the cycle loading for 
each asphalt mixture. 
Recovery capability of asphalt mixtures determined through relative change in dissipated 
energy (∆W, Equation C.2) is highly dependent on the duration of the rest period, and it 
increases as the time for material recovery increases (see Figure C.7). Figure C.7 shows 
that beyond a certain rest period duration there is no influence on asphalt mixture recovery 
and a plateau stage is reached. Most likely, the recovery mechanism during this time is 
completed and any additional duration of the rest period does not affect recovery of the 
material. For the asphalt mixture used in this study, the plateau value is reached after ap-
proximately 14000 seconds. 
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Table C.1: Dissipated energy change in Phase 1 and relative change in dissipated energy between be-
ginning of Phase 1 and beginning of Phase 2 (∆W) as a function of the rest period duration and mix-
ture composition 
AC 11 D S with: 
Rest period 
duration 
 [s] 
Dissipated energy 
change in Phase 1  
[%] 
Relative change in dissipated energy 
∆W: beg. Phase 1, Phase 2 
 [%] 
50/70 
500 47.47 -17.04 
1000 57.23 -13.41 
7500 48.87 -0.57 
11000 56.80 0.18 
15000 48.16 4.43 
30000 50.00 2.98 
25/55-55 
1000 
62.34 -14.23 
50/70, aged 67.98 -20.91 
50/70 with +0.5 M. -% Bin. 51.15 -7.39 
50/70, high compaction 59.00 -11.73 
50/70, low compaction 54.48 -12.18 
 
 
Figure C.7. AC 11 D S with 50/70 bitumen; Relative change in dissipated energy between beginning of 
Phase 1 and beginning of Phase 2 (∆W) as a function of the rest period duration. 
Figure C.7 shows that the dissipated energy changes when ∆W reaches values above 0 %. 
This implies that after the rest period, the specimen has better mechanical properties com-
pared to beginning of the test. This can be explained by the fact that during the tension-
compression loading in the initial loading phase (Phase 1), some structural changes occur 
in the material at 20 °C, which coupled with complete recovery induces slight improve-
ments of material characteristics.  
Small accumulated permanent strain occurred due to the specific tension-compression cy-
cling loading applied in stress control (see Table C.2). Average recovery of the permanent 
strain during rest period from all the tests with AC 11 D S and 50/70 bitumen was 0.37 ‰. 
Complete recovery of the accumulated strain was observed after 11000 seconds rest peri-
od.  
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Table C.2: Recovery of the permanent strain during rest period and remaining accumulated perma-
nent strain after rest period for AC 11 D S with 50/70 bitumen in uniaxial tension-compression fatigue 
test with different rest period durations 
AC 11 D S 
with: 
Rest period  
duration  
[s] 
Recovery of permanent strain 
during rest period (average) 
[‰]  
Remaining accumulated permanent 
strain after rest period (average) 
[‰] 
50/70 
500 0.21 0.51 
1000 0.31 0.52 
7500 0.54 0.17 
11000 0.48 0 
15000 0.34 0 
30000 0.36 0 
 
Figure C.8 shows an example of the permanent strain evolution in one tension-
compression fatigue test with a rest period of 7500 seconds. 
 
Figure C.8. Evolution of the accumulated permanent strain in cyclic tension-compression stress-
controlled fatigue test with 7500 seconds rest period. 
Analysis of the influences of material composition and specimen preparation on asphalt 
mixture recovery properties is performed using one rest period of 1000 seconds. This rest 
period duration is not related to the total recovery capability of asphalt mixtures; only the 
recovery capability at the early recovery stage is compared. Changes in the mix design 
were made in terms of bitumen type and amount. Mixture long-term ageing was also con-
sidered. Results are reported in Table C.1 and in Figure C.9. 
Material recovery is extremely dependent on ageing. Aged samples show distinct lower 
ability to recover initial properties, which confirmed the theory from Little et al. (1999). 
Ageing makes the binder to be more brittle and more susceptible to fracture, as a conse-
quence of higher asphaltene percentage. 
With regard to bitumen type, mixture containing polymer-modified bitumen 25/55-55 
shows relatively small changes in recovery behaviour, which was also observed by 
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Kim and Roque (2006). An explanation is given by Little et al. (1999), who hypothesized 
that the polymer acts as a filler system that interrupts the ability of pure bitumen to re-
establish contacts and to heal. 
Specimens prepared with additional 0.5 % bitumen by weight show the best recovery char-
acteristics. This is most likely associated with a significant flow of bituminous mastic films 
that wet and partially close the initiated micro cracks. 
The two degrees of compaction used in this study seem to have no significant influence on 
material ability to restore initial properties. It is assumed that after the lowest number of 
repetitions (10) the final asphalt structure is reached, and it does not significantly change 
with the application of additional passes. 
 
Figure C.9. Relative change in dissipated energy between beginning of Phase 1 and beginning of 
Phase 2 (∆W) as a function of mixture composition after 1000 s rest period. 
The present study shows that relative change in dissipated energy (∆W) between the begin-
ning of Phase 1 and the beginning of Phase 2 of the test can be equal to 0 %, meaning that 
after the rest period, complete recovery of asphalt mixture mechanical characteristics takes 
place. Based on recovery evaluation just at the beginning of Phase 2 it is not possible to 
state that the material behaviour after the rest period follows the same trend as in Phase 1. 
A test with a nearly 0 % ∆W (asphalt mixture with 50/70 bitumen with 7500 seconds rest 
period) is provided in Figure C.10, representing the evolutions of absolute values of com-
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plex modulus, phase angle and dissipated energy over the number of cycles. All parameters 
(complex modulus, phase angle and dissipated energy) recover during the rest period.  
 
Figure C.10. Recovery test on asphalt mixture with 50/70 bitumen after 7500 seconds rest period. Evo-
lutions of absolute values of complex modulus, phase angle (A) and dissipated energy (B) over the 
number of loading cycles. 
The superposition of the complex modulus, phase angle and dissipated energy curves of 
Phase 1 and Phase 2 obtained by horizontal shifting of Phase 2 to the beginning of Phase 1 
is presented in Figure C.11. The plot clearly shows that the evolutions of both values in 
Phase 2 correspond to the evolutions in Phase 1, which provides solid evidence of the 
complete recovery of asphalt mixture mechanical properties during the rest period. After 
the rest period the material behaves under loading like in the undamaged condition, and 
sustains nearly the same number of loading repetitions as in the first phase, until the same 
drop in complex modulus. 
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Figure C.11. Recovery test on asphalt mixture with 50/70 bitumen and with 7500 seconds rest period. 
Superposition of absolute values of complex modulus, phase angle (A) and dissipated energy (B) curves 
of the Phase 1 and Phase 2 over the number of loading cycles. 
C.4 Conclusions and recommendations 
In this study, the recovery properties of asphalt mixtures were studied based on fatigue 
stress-controlled uniaxial tension-compression test with rest period and analyzed based on 
the dissipated energy approach. For addressing the material recovery capability, a specific 
procedure was used; this takes into account the dissipated energy at the beginning of the 
initial loading phase and at the beginning of the loading phase after the rest period. The 
following conclusions can be drawn on the basis of the performed research work: 
 Material recovery is highly dependent on the duration of the rest period in a way that 
with the increase in the rest period, the degree of recovery also increases. 
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 The impact of the rest period on asphalt mixture recovery capability is limited. After 
certain duration of the rest period there is hardly any influence on the material recov-
ery and an asymptotic limit (plateau) is reached. 
Material recovery, observed at early recovery stage (after 1000 seconds rest period), was 
compared for different mix designs: 
 Material recovery decreases with material ageing, since the aged binder is more brittle 
and more susceptible to fracture (as a consequence of the higher asphaltene content). 
 Polymer-modified bitumen showed a relatively small change in recovery behaviour 
compared to plain bitumen. More research and different polymer modifications need 
to be investigated in order to further support the findings on the impact of polymers on 
material recovery. 
 Specimens prepared with additional 0.5 % bitumen by weight show the best recovery 
characteristics compared to others. This can be explained by higher flow processes of 
the bituminous mastic film that positively influences closing of the initiated micro 
cracks. 
 The degree of compaction used in this investigation seems to have no significant in-
fluence on material ability to restore its initial properties. It is assumed that after the 
lowest number of rolling repetitions in the segmented steel roller compactor, the final 
asphalt structure is reached, and it does not change significantly with the application of 
additional roller passes. Therefore, no change in asphalt mixture recovery properties 
was identified. 
Additional research is nevertheless needed in order to discriminate the specific effects 
which drive the material recovery during rest periods. The temperature effects inside the 
tested specimen, nonlinearity and thixotropy effects need to be better understood in order 
to evaluate pure material recovery. 
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D Experimental study on asphalt mixture recovery4 
 
Abstract: Asphalt materials used in road pavements are exposed to repeated heavy traffic 
loading under changing climates. These phenomena make pavements prone to fatigue dete-
rioration as a consequence of the formation of micro-cracks, which can coalesce into a 
network, ultimately leading to macro cracking and structural collapse. Susceptibility of 
asphalt mixtures to fatigue is usually evaluated through cyclic laboratory testing, where 
asphalt specimens are subjected to sinusoidal loading cycles. As the number of cycles in-
creases, a significant loss in material stiffness occurs. However, if loading is interrupted by 
introducing a rest period between two continuous loading phases, an important change in 
material behavior is observed. This is associated with a substantial stiffness recovery, 
which in turn triggers the material’s fatigue life. In this study, the phenomenon of stiffness 
recovery during rest periods is investigated. Cyclic uniaxial tension-compression loading 
tests are conducted in stress-control mode and rest periods of different durations are con-
sidered. Dissipated energy is analyzed and used to assess the material’s capability for re-
covery and a new recovery index is proposed. It is found that the newly developed index 
can successfully assess the recovery properties of asphalt mixture. 
Keywords: material recovery, fatigue, recovery index, rest period. 
                                                 
4 Isailović, I., Wistuba, M., and Cannone Falchetto, A. 2017. Experimental study on asphalt mixture recov-
ery. Published in Journal of Materials and Structures, Vol. 50:196, pp.1-9, DOI: 10.1617/s11527-017-1064-0, 
Springer. 
Own contribution to: 
 conception: 100 % 
 realization: 100 % 
 formulation: 85 % 
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D.1 Introduction 
Heavy traffic and climate loading induce a repeated and cyclic state of stress in asphalt 
pavements, weakening the material, while leading to detrimental fatigue phenomena. Dur-
ing loading, a micro crack network forms which after an additional number of loading cy-
cles, may coalesce into visible macro cracks, eventually leading to premature failure, and 
significantly reducing pavement durability. 
As pavement structures are not continuously loaded, a certain degree of recovery is possi-
ble during non-loading phases (i.e. between two consecutive vehicle load application), 
while cracks have the opportunity of partially or entirely closing. This phenomenon is 
commonly known as self-healing. Self-healing is defined as the materials recovery capabil-
ity under certain loading and environmental conditions, especially during rest periods 
(Shen et al., 2009). It is assumed that the self-healing potential extend the durability of 
asphalt pavements, since asphalt materials with high recovery capabilities accumulate less 
deformation and less damage in the asphalt layers (Luo et al., 2013). 
Susceptibility of asphalt pavement materials to fatigue cracking and self-healing capabili-
ties are usually evaluated through cyclic laboratory tests on asphalt mixture specimens, 
with and without application of rest period(s) (Breysse et al., 2003; Carpenter and Shen, 
2006). During a fatigue test, a significant loss in material stiffness is observed as the load-
ing cycles increase. If loading is interrupted during the test by introducing a rest period 
between two continuous loading phases, a substantial recovery of the material stiffness is 
observed. Due to the reversed stiffness behavior, a significant extension of the material’s 
fatigue life is expected. This stiffness recovery is usually ascribed to the self-healing prop-
erties of the mixture. Recent findings have shown that the stiffness recovery during the rest 
period is not a consequence only of self-healing, but is coupled to additional phenomena, 
including self-heating, thixotropy, and non-linearity (Di Benedetto et al., 2011; Mangiafico 
et al., 2015). Therefore, using the term ‘‘recovery’’ in place of ‘‘self-healing’’ appears to 
be more accurate and comprehensive. 
Self-healing, or rather recovery capability of asphalt binder and asphalt mixtures proper-
ties, has been investigated by many researchers, both at the micro and macro scale 
(Breysse et al., 2003, Carpenter and Shen, 2006; Di Benedetto et al., 2011; Daniel, 1996; 
Phillips, 1998; Little et al., 1999; Bodin et al., 2004; Kim and Roque, 2006; Bhasin et 
al., 2009; Santagata et al., 2009; Kringos et al., 2011; Nazzal at al., 2012; Palvadi et 
al., 2012; Tan et al., 2012; Shan et al., 2013; Santagata et al., 2013; Moreno-Navarro et 
al., 2015; Ayar et al., 2016). In these studies a high dependency of binder and mixture re-
covery potential was observed and linked to specific materials properties (composition, 
binder viscosity, air voids content and mechanical characteristics) and external conditions 
(testing configuration, temperature, loading and rest period duration). However, due to the 
large scatter of the experimental results observed for both continuous and discontinuous 
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(with rest periods) fatigue tests, few effort has been put on the derivation of an effective 
recovery index applicable for the evaluation of the recovery potential of specific asphalt 
mixture. 
D.2 Background 
The investigation of the recovery potential of asphalt mixture is commonly experimentally 
addressed through dynamic tests based on cyclic sinusoidal loading followed by one or 
more rest periods applied to specimens in different testing configurations. Two different 
approaches for introducing rest period(s) can be identified (Shen and Carpenter, 2007): 
 a single rest period after a pre-defined number of loading cycles, or 
 a single rest period after every loading cycle. 
The first method simulates the loading conditions in the field in a less realistic manner, as 
on the road rest periods of different durations occur randomly. However, in laboratory, this 
method provides clear insight into the variation of material properties in consequence of a 
single rest period, as demonstrated in recent studies (Wistuba et al., 2013; Isailović et 
al., 2016). Therefore, this study uses the first approach. 
When evaluating the recovery potential of a specific asphalt mixture, the fatigue life result-
ing from a cyclic test with rest period(s) is usually compared to a test with same loading 
conditions, but without rest period(s). Consequently, a significant difference in fatigue 
lives between the two tests indicates a high recovery potential for the specific asphalt mix-
ture. 
Figure D.1 exemplarily shows the result of a discontinuous fatigue test (recovery test) for a 
rest period duration of 7500 seconds introduced after 1800 loading cycles (solid line), and 
the results of continuous fatigue tests (dashed lines), for an asphalt surface course material 
(Wistuba et al., 2013). These tests were conducted on prismatic asphalt mixture specimens 
in tensile-compressive stress control mode and for pre-defined loading conditions (test 
temperature 20 °C; stress amplitude 1.05 MPa). It is noted, that considering the number of 
loading cycles at failure (Nf) (here i.e. the number of loading cycles, where the complex 
modulus has decreased by 50 % of its initial value) (Di Benedetto et al., 2004), a high scat-
ter of the results from continuous tests is observed, resulting in a difference between short-
est and longest fatigue lives of 71 %. Even though all test specimens were made of the 
same asphalt mixture subjected to the same compaction procedure, it is hypothesized that 
the structural characteristics of the individual test specimens, like aggregate orientation, 
contact points, contact lengths, may induce significant differences in mechanical material 
behavior (Sefidmazgi et al., 2012). This makes interpretation of tests and evaluation of 
recovery properties even more challenging. 
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Figure D.1. Evolution of complex modulus as function of number of loading cycles in continuous and 
discontinuous uniaxial tension-compression fatigue tests in stress control mode at a temperature of 
20 °C and stress amplitude of 1.05 MPa (Wistuba et al., 2013). 
Such a large scatter in the results may lead to erroneous evaluation of recovery potential, 
especially when a recovery index of the following type is used (RI, Equation D.1), which 
compares the fatigue lives of continuous and discontinuous fatigue tests based on the num-
ber of loading cycles until fatigue failure (cp. Santagata et al., 2009; Little et al., 2001; Van 
den Bergh and Van der Ven, 2012): 
𝑅𝐼 =  
𝑁௙ௗ௜௦௖. − 𝑁௙௖௢௡.
𝑁௙௖௢௡.
 ∙ 100 [%], (D.1) 
where Nf dics. = number of loading cycles at failure in discontinuous fatigue test [-], 
Nf con. =number of loading cycles at failure in continuous fatigue test [-]. 
For the values of data represented in Figure D.1 (Nf disc. = 8018, Nf con. = 8154), Equa-
tion D.1 leads to a recovery index of RI = -1.67 %. Hence, a negative recovery potential is 
calculated, which is unreasonable as the full recovery is observed after a rest period of 
7500 seconds (see Figure D.1). Therefore, a more consistent, effective and reliable ap-
proach is needed, to overcome the biasing effects originating from the tremendous scatter 
of the experimental results. 
D.3 Objective and research approach 
The objective of this study is to develop a new recovery index, which can substantially and 
successfully mitigate the material-related scatter observed in the experimental results of 
continuous fatigue tests. For this purpose, uniaxial tension-compression tests were con-
ducted on prismatic specimens in stress controlled mode. Continuous and discontinuous 
fatigue tests with single rest periods of different duration were performed to investigate the 
asphalt mixture recovery properties. The analysis of recovery potential is based on the dis-
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sipated energy approach (Hopman et al., 1989). Finally, a newly developed recovery index 
is proposed and validated. Figure D.2 provides a flow chart of the selected research ap-
proach. 
 
Figure D.2. Flow chart of the research program. 
D.4 Experimental study 
D.4.1 Material and fabrication of asphalt mixture specimens 
In this experimental study asphalt mixture, identified as AC 11, was prepared (Asphalt 
Concrete - AC, maximum grain size of 11 mm, 5.6 mass % of plain asphalt binder 50/70). 
This mixture is commonly used for surface course layers on highly trafficked asphalt 
pavements. Figure D.3 represents the aggregate gradation curve. 
 
Figure D.3. Aggregate gradation curve of asphalt mixture of the type AC 11 (Asphalt Concrete - AC, 
maximum grain size of 11 mm, 5.6 mass % of plain asphalt binder 50/70). 
Asphalt mixture slabs having dimensions 320 × 200 × 75 mm3 were prepared using seg-
mented steel roller compaction method. The compactor is composed of a mould to hold the 
prepare asphalt mixture samples
perform continuous fatigue tests
perform discontinuous fatigue tests with single rest 
period with 10 different durations 
formulate and validate the new recovery index
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asphalt mixture and a cylindrical steel sector to induce a kneading action and to apply a 
vertical force to the mixture (Wistuba, 2014). 
From the slabs, prismatic specimens were cut with final dimensions of 50 × 50 × 160 mm3 
and having average air voids contents of 5.5 %. 
D.4.2 Testing 
Strain field measurements on asphalt pavements have demonstrated that both tensile and 
compressive stresses may occur in one point of pavement due to wheel loading (Wistuba 
and Perret, 2004; Rabe, 2008). From an experimental point of view, the presence of both 
stress states, tension and compression, in stress-controlled fatigue tests leads to most dis-
tinct change in mechanical properties (Isailović et al., 2015 a). For this reason, the uniaxial 
stress-controlled tension-compression fatigue test was selected for the present study. Fig-
ure D.4 represents the test setup. 
 
Figure D.4. Test setup used in the present research. 
During the test, a vertical stress amplitude is applied, and the resulting deformation is 
measured using two analog strain transducers (LVDT, linear variable differential trans-
former), attached to both sides of the test specimen (see Figure D.4). An example of stress-
strain-amplitude evolution is shown in Figure D.5. After 30 initial load cycles, the stress 
amplitude was held at a constant level until failure. For both LVDT, the strain increase 
always followed the same trend on both sides of the specimen. 
The prismatic asphalt specimens (50 × 50 × 160 mm3) were subject to a sinusoidal cyclic 
load in tension and compression with a stress amplitude of 0.7 MPa, at a frequency of 
10 Hz and at a temperature of 20 °C. 
2 LVDTs
asphalt sample
axial load
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Figure D.5. Evolutions of stress-amplitude and strain-amplitude in cyclic tension-compression stress-
controlled fatigue test (at temperature 20 °C and stress amplitude 1.05 MPa). 
Stress, displacement and temperature were monitored and recorded during the entire test. 
Based on test results, the absolute value of complex modulus │En│ was calculated as fol-
lows: 
|𝐸௡| =  
𝜎଴,௡.
𝜀଴,௡.
 [MPa], (D.2) 
where σ0,n = stress amplitude in cycle n [MPa], ε0,n = strain amplitude in cycle n [-]. 
In order to assess the number of load repetitions at failure, an approach based on the ener-
gy ratio (ER) proposed by Hopman et al. (1989) was used for both continuous and discon-
tinuous tests. This failure criterion relies on dissipated energy which is a good criterion for 
observing material behavior during cyclic loading (Carpenter and Shen, 2006). The energy 
ratio (ER) represents the ratio between the initial dissipated energy, and the dissipated en-
ergy at cycle n, reading 
𝐸𝑅 =  
𝑛 ∙ 𝑊଴
𝑊௡
   [-], (D.3) 
where n = cycle number [-], W0 = initial dissipated energy (for 100th cycle) [kJ/m3], 
Wn = dissipated energy at cycle n [kJ/m3]. 
The dissipated energy (Wn) in one load cycle can be calculated from: 
𝑊௡ =  𝜋 ∙ 𝜎௡ ∙ 𝜀௡ ∙ 𝑠𝑖𝑛𝜑௡  [kJ/m
3], (D.4) 
where: σn = stress amplitude at cycle n [MPa], εn = strain amplitude at cycle n [‰], 
𝜑n = phase angle at cycle n [°]. 
A typical example of energy ratio evolution is shown in Figure D.6. By plotting the energy 
ratio versus the number of loading cycles, the resulting fatigue life is defined as the number 
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of loading cycles when ER reaches its maximum. The corresponding number of cycles, 
NMacro, provides the point of transition from micro to macro cracking. 
 
Figure D.6. Typical evolutions of the complex modulus and of the energy ratio in function of the num-
ber of loading cycles in a uniaxial tension-compression fatigue test. 
D.5 Recovery index 
D.5.1 Normalized energy ratio 
In order to address the recovery potential of the asphalt mixture, continuous and discontin-
uous fatigue tests with single rest period were compared. As specified in the previous sec-
tion, both types of test were performed with the same loading conditions. 
The results of continuous fatigue tests are presented in Figure D.7, where a high scatter in 
fatigue life is observed. The difference between shortest and longest fatigue life exceeds 
37 % (corresponding to NMacro = 46139 and NMacro = 63645). 
To overcome such a limitation the experimental values were normalized using the refer-
ence value, E0 = 100 %, where E0 is the absolute value of the initial complex modulus 
(calculated at 100th cycle). The normalized values of complex modulus were then plotted 
against the normalized values of the energy ratio (reference value: ER100 = 100 %, where 
ER100 is a peak value of energy ratio) for all the continuous tests presented in Figure D.7, 
showing a consistent trend which follows almost the same curve (see Figure D.8). This 
leads to the conclusion: when fatigue tests are performed under the same loading condi-
tions, a unique representative fatigue curve can be found, no matter how many cycles the 
asphalt sample experiences at failure. Similar findings were observed for other asphalt 
mixtures and test conditions: AC 11 and AC 16 mixtures with different binder contents and 
binder sources, and compaction mode (Wistuba et al., 2013). 
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Figure D.7. Evolutions of complex modulus and energy ratio in function of number of loading cycles in 
continuous uniaxial tension-compression fatigue tests (at temperature 20 °C and stress amplitude 
0.7 MPa). 
 
Figure D.8. Evolutions of normalized energy ratio-complex modulus curves for continuous uniaxial 
tension-compression fatigue tests presented in Figure D.7. 
Restricting attention to the normalized value of energy ratio between 30 and 80 % an al-
most linear pattern was found. Therefore, it was hypothesized that a unique trend can be 
assumed for all tests conducted at the same loading conditions (Figure D.9). This charac-
teristic can be used for evaluating the recovery potential of asphalt mixtures as explained 
hereafter. 
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Figure D.9. Evolutions of normalized energy ratio-complex modulus curves and with linear regression 
approximated mean value in part between 30 and 80 % of the normalized energy ratio for continuous 
uniaxial tension-compression fatigue tests presented in Figure D.7. 
D.5.2 Formulation of the new recovery index 
The effect of rest period on asphalt mixture recovery potential was studied through varia-
tion of rest period  durations: 500, 1000, 2000, 3000, 7500, 11000, 20000, 30000, 45000, 
and 86400 seconds. For each rest period duration, at least three test repetitions were per-
formed. 
The rest period was always introduced after the material reached 75 % of its maximum 
energy ratio, or a corresponding decay of the complex modulus down to the ERP = 64 % 
(see Figures D.9, D.10). According to Di Benedetto et al. (2004), at this point, the decrease 
of the complex modulus is mostly affected by fatigue, and not by biased effects of nonline-
arity, heating and thixotropy like in the initial loading phase. Therefore, the material recov-
ery is influenced by self-healing too. During the rest period, the specimen was stress free. 
After the rest period, the specimen was loaded again, with a new loading phase until failure 
(loading phase 2, Figure D.10). 
From the evolution of the normalized energy ratio-complex modulus curve (Figure D.9), 
which can be assumed as a unique representative fatigue curve for the specific asphalt mix-
ture and test conditions, it is possible to estimate with good approximation the maximum 
value of the energy ratio (ER100) for the extended first loading phase without rest period 
(represented as the continuous fatigue test, dashed red line in Figure D.11): 
|𝐸𝑅ଵ଴଴| =  𝐸𝑅଻ହ ∙
100
75
   [-], (D.5) 
where: ER75 = energy ratio  at the end of loading phase 1 (specimen is loaded until 75 % of 
maximum energy ratio) [-], ER100 = calculated maximum energy ratio for continuous fa-
tigue tests [-]. 
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Figure D.10. Test protocol used to study the recovery potential: loading phase 1 + rest period + loading 
phase 2 (schematic). 
 
Figure D.11. Estimating the recovery index from the evolution of energy ratios in the loading phase 1 
and in the loading phase 2 (schematic). 
This approach gives the possibility to compare the maximum energy ratio from tests with 
rest period, ERRP100, (Figure D.11) to the calculated energy ratio from continuous tests, 
ER100, (Figure D.11), obtained from the same asphalt mixture specimen. The relative dif-
ference between these two values represents the new recovery index (RInew), reading 
𝑅𝐼௡௘௪ =  
𝐸𝑅ଵ଴଴ோ௉ −  𝐸𝑅ଵ଴଴
𝐸𝑅ଵ଴଴
∙ 100 [%], (D.6) 
where: ERRP100 = maximum energy ratio from the test with rest period [-], ER100=calculated 
maximum energy ratio for continuous fatigue test [-]. 
The principle of estimating the recovery index from the evolution of energy ratios in the 
first and the second loading phase is illustrated in Figure D.11. The higher the increase in 
energy ratio, the higher is the material recovery capacity. The significant advantage of pro-
posed procedure consists in the possibility of estimating the recovery potential on just one 
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asphalt sample, which can drastically reduce the results scattering, as well as the tremen-
dous time demanding experimental campaign required by fatigue testing. 
D.5.3 Results and validation 
The recovery index was studied for rest periods of different durations. Based on previous 
research results, recovery potential of asphalt mixture increases with increased rest period 
duration (cp. Carpenter and Shen, 2006; Palvadi et al., 2012; Isailović et al., 2015 b). 
Figure D.12 illustrates the evolution of complex modulus for a rest period duration of 
30000 seconds. A distinct recovery of the complex modulus is observed resulting in com-
plex modulus almost at the same level of the loading phase 1. This is a good indicator for 
an extended fatigue life. 
 
Figure D.12. Evolution of absolute value of complex modulus at a rest period duration of 30000 se-
conds. 
The mean values of the new recovery index calculated for the different rest period dura-
tions are given in Table D.1 and Figure D.13.  
For the purpose of comparison, the results for recovery index calculated from Equation D.1 
are also reported. 
The analysis has shown that the introduced recovery index (Equation D.6) increases when 
rest period duration increases, allowing for a successful assessment of the recovery proper-
ties. Beyond a certain rest period duration there is no influence on the recovery capacity of 
the asphalt mixture and a plateau stage is reached (here after approximately 45000 se-
conds). Similar results were observed in work of Maillard et al. (2004) on binder level. 
Coefficients of variation are relatively low, indicating reliable test repeatability. 
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Table D.1: Mean values and standard deviations of the new recovery index calculated from Equa-
tion D.6 and for the recovery index calculated from Equation D.1 for different rest period durations 
rest period  
duration  
[s] 
new RI from Equation D.6 [%] RI from Equation D.1 [%] 
mean value coefficient of var-iation mean value 
coefficient of 
variation 
500 2.22 0.71 7.71 4.23 
1000 8.03 0.31 60.78 0.32 
2000 13.06 0.01 51.16 0.50 
3000 13.99 0.08 29.99 0.09 
7500 18.70 0.03 17.71 2.39 
11000 23.05 0.14 41.83 0.96 
20000 29.38 0.16 67.35 0.25 
30000 28.97 0.08 4.75 6.84 
45000 33.91 0.1 -21.99 0.52 
86400 31.68 0.12 27.77 1.93 
 
 
Figure D.13. Mean values of the new recovery index (RI) calculated from Equation D.6 for different 
rest period durations. 
In contrary, the recovery index calculated from Equation D.1 does not show any reliable 
dependence from rest period duration (see Figure D.14). The deviations between single 
tests are relative high, showing for some specimens considerably negative values, although 
almost a full recovery of the mechanical properties as observed during the rest period 
(cp. Figure D.12, RIequation D.1 = -18.25 %). 
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Figure D.14. Mean values of the recovery index calculated from Equation D.1 for different rest period 
durations. 
D.6 Conclusions 
Recovery properties of a conventional asphalt mixture were investigated based on the dis-
sipated energy approach. For this purpose, the uniaxial tension-compression test in con-
trolled-stress mode was used with and without rest periods. 
A new recovery index is proposed to quantify the recovery potential of asphalt mixtures. It 
is based on continuous fatigue tests and discontinuous fatigue tests with a single rest peri-
od, by using one asphalt mix specimen for both tests only. The new procedure excludes 
material-related result scatter from continuous tests, which are used as a basis for the re-
covery calculation. This was achieved using a unique normalized energy ratio-complex 
modulus curve that for all conducted continuous fatigue tests follow almost the same trend, 
no matter how many loading cycles the asphalt specimen experienced at failure. 
Validation of the recovery index was performed introducing different durations of the rest 
period (from 500 to 86400 seconds). It was found that the new recovery index increases as 
the rest time increases, allowing for the successful assessment of the recovery properties. 
On the other side, the result scattering is significantly reduced, indicating a good test re-
peatability. Based on these findings, the developed recovery index is judged as an appro-
priate tool for recovery evaluation and it can be used for pre-selection of pavement materi-
als, and can be seen as a key performance indicator for pavement durability. 
More research in this field is needed in order to distinguish the effects which drive the ma-
terial recovery during the rest period and to examine ‘‘pure’’ self-healing properties. 
Among concurrent factors, temperature evaluation has to be monitored in order to exclude 
temperature effects, while a better understanding of thixotropy effects is needed. 
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E Influence of rest period on asphalt recovery considering nonlinearity 
and self-heating5 
 
Abstract: This paper presents investigation on the asphalt mixture recovery potential using 
cyclic uniaxial tension-compression test in stress-controlled mode. The recovery potential 
and its dependence on rest period duration were investigated taking into consideration non-
linearity and self-heating effects observed during cyclic loading. In order to preserve the 
internal specimen's structure a small-size temperature sensor was embedded into asphalt 
mixture during compaction. It is found, that the effect of nonlinearity on complex modulus 
recovery is relatively small and that it is not affected by increasing duration of the rest pe-
riod. The effect of temperature variation in the core of the specimen occurring during cy-
clic excitation and rest periods has a significant influence on asphalt mixture recovery 
properties. Self-heating results in a much more rapid recovery of complex modulus than 
other eventual side effects, such as thixotropy, self-healing and strain relaxation. This ef-
fect vanishes when temperature reaches its original value, leaving to the other biasing phe-
nomena dominant in terms of complex modulus recovery. 
Keywords: material recovery, nonlinearity, self-heating, rest period. 
                                                 
5 Isailović, I., Wistuba, M., and Cannone Falchetto, A. 2017. Influence of rest period on asphalt recovery 
considering nonlinearity and self-heating. Published in Journal of Construction and Building Materials, 
Vol. 140, pp. 321-327, DOI: 10.1016/j.conbuildmat.2017.02.122, Elsevier. 
Own contribution to: 
 conception: 100 % 
 realization: 100 % 
 formulation: 90 % 
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E.1 Introduction 
Road pavement structures are susceptible to fatigue cracking which initiates in the asphalt 
material due to repeated heavy traffic loading. The rest periods between each traffic load-
ing repetition may induce the recovery of the material mechanical properties and the partial 
reversibility of progressive cracking effects. This phenomenon is commonly referred as a 
self-healing. Such a property can significantly enhance the fatigue life of asphalt pave-
ments and should be taken into considerations during materials selection and pavements 
design (cf. Di Benedetto et al., 2004; Di Benedetto et al., 2011; Santagata et al., 2013). 
In order to address fatigue and self-healing properties of asphalt mixtures, accelerated cy-
clic laboratory tests are commonly performed. Thereby, damage and self-healing are usual-
ly related to the decrease and increase in the complex modulus, respectively. During labor-
atory cyclic excitation, some biasing effects can appear together with fatigue and self-
healing; this is not consistent with field loading conditions (Lundström et al., 2004). Bias-
ing effects such as nonlinearity, self-heating, thixotropy and strain relaxation (for stress 
controlled tests) can significantly affect the complex modulus evolution and consequently 
lead to inaccurate fatigue results and erroneous interpretation of the fatigue characteristics 
(Di Benedetto et al., 2011; Mangiafico et al., 2015). Since all these effects are completely 
reversible during rest period, they cannot be accounted for self-healing and have to be sep-
arately considered. If observed together the term material recovery should be used. 
E.2 Objective and research approach 
In this work an investigation on the asphalt mixture recovery properties and its rest period 
duration dependency is performed with the objective of including nonlinearity and self-
heating effects in the analysis. For this purpose, uniaxial tension-compression tests on 
prismatic specimens in stress controlled mode were conducted. Amplitude sweep tests, 
temperature sweep tests, and discontinuous fatigue tests with single rest periods of differ-
ent duration (recovery tests) were performed to investigate the evolution of complex modu-
lus. The contribution to the recovery of material properties of effects such as nonlinearity 
and self-heating together with the combined influence of thixotropy, strain relaxation and 
self-healing is evaluated and, finally, quantified. Figure E.1 provides the flow chart of the 
selected research approach. 
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Figure E.1. Flow chart of the selected research approach. 
E.3 Experimental study 
E.3.1 Material composition and specimen preparation 
The investigation of asphalt mixture recovery properties was carried out using a standard 
asphalt mixture for surface courses, i. e. AC 11 D S. This mixture was prepared with ag-
gregates having maximum grain size of 11 mm and with a bitumen having penetration 
grade 50/70 (EN 1426, 2013) in percentage of 5.6 % by total mixture weight.  
Asphalt mixture was compacted using a segmented steel roller compactor (see Figure E.2), 
able to produce asphalt mixture slabs (320 × 200 × 50 mm3) with similar characteristics 
(air voids distribution, particle distribution, particle orientation and performance proper-
ties) compared to those in the field (Renken, 2000).  
The compactor uses a steel roller cylindrical sector to induce a kneading action and to ap-
ply a downward force to the specimen in both displacement-controlled pre-compaction and 
stress controlled main compaction phases (Wistuba, 2014). The pre-compaction phase is 
intended to simulate the compaction effort of the road paver and the main compaction 
phase is assumed to simulate the compaction by the road roller. Temperature sensors were 
placed in the loose mixture within the compaction mould and then compaction was per-
formed. Finally, prismatic specimens (50 × 50 × 160 mm3) were cut from the slabs 
(see Figure E.2). Further details are presented in the next section. 
Prepare asphalt mixture specimens
Conduct
amplitude sweep tests
&
temperature sweep 
tests
Evaluate the effect of 
temperature on  
complex modulus
Perform
discontinuous fatigue 
(recovery) tests
with
single rest period at 
different durations 
Determine the influence of nonlinearity and self-
heating on the recovery properties of asphalt mixture
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Figure E.2. Segmented steel roller compactor. 
E.3.2 Test equipment and procedure 
Evaluation of the asphalt mixture recovery properties was performed using uniaxial ten-
sion-compression test (UTCT) under stress-controlled mode. This type of test leads to the 
highest change in material’s mechanical properties compared to other stress-controlled 
fatigue tests (Isailović et al., 2015 a). UTCT provides a satisfactory experimental mean for 
reliable investigations on the recovery properties of a material, since it induces homoge-
nous stress and strain fields in the test specimen. The test equipment is shown in Fig-
ure E.3, left.  
In order to monitor the temperature variation inside the specimen during cyclic loading, a 
temperature sensor PT100 was embedded in the middle part of the sample (see Fig-
ure E.3, right). This was done during compaction. The relatively small size of the tempera-
ture sensor (5 mm in length and 2 mm in width) and its robustness through ceramic hous-
ing, represent two critical advantages of the selected type of internal temperature detectors. 
These properties guarantee a good integration of the sensors in the asphalt mixture. This is 
because the temperature probe is directly embedded in the mixture during compaction, 
limiting potential distortion of the material microstructure. This procedure also avoids the 
introduction of a (relatively large) point of weakness in the specimen, as it is usually the 
case, when the sensor is placed after compaction by drilling a hole in the specimen 
(cf. Mangiafico et al., 2015). Such solution may result in a substantial deviation of the 
stress field during the tensile phase (Spencer, 1980), due to the binder used to fill the hole’s 
gap between sensor and mixture. The sensor installation proposed in the present research, 
may significantly limit the distortion of the stress field while providing a consistent conti-
nuity of material in the specimen. 
320 mm
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Figure E.3. Test setup (left) and used PT100 temperature sensor (right). 
Evaluation of asphalt mixture recovery properties were performed using three types of test 
modes: (i.) amplitude sweep tests, (ii.) temperature sweep tests, and (iii.) discontinuous 
fatigue tests with single rest periods of different durations (recovery tests).  
All tests were performed in stress-controlled mode in tension and compression at a fixed 
frequency of 10 Hz. The most important parameters for material analysis, such as stress 
amplitude, strain amplitude, temperature, etc., were monitored and recorded during the 
entire test duration.  
In order to obtain the viscoelastic properties and the complex modulus-temperature de-
pendence of the selected asphalt mixture, amplitude sweep tests at different temperatures 
were performed. This was done with the purpose of quantifying the influence of tempera-
ture variation within the asphalt sample during cyclic loading on the complex modulus 
evolution. This type of test was designed with a stepwise increase of the stress amplitude 
from 0.3 MPa to 1.9 MPa, with increment of 0.1 MPa. In total, 17 loading sequences were 
applied each consisting of 50 cycles. This number of loading cycles was sufficient in order 
to achieve the specified stress amplitude. Three test repetitions were performed at each 
temperature: 15, 17.5, 20, 22.5 and 25 °C.  
Taking into consideration that the progressive loading applied during amplitude sweep 
tests can generate a certain degree of damage, the viscoelastic properties measured in the 
progress of the loading sequence (steps) could be underestimated, which would lead to 
erroneous results. This can be proved by conducting one loading sequence with selected 
stress amplitude at the observed temperature. In order to cover the temperature range from 
the amplitude sweep tests, one loading sequence (50 cycles) with specific stress amplitude 
is applied to the sample at the following temperatures: 15, 17.5, 20, 22.5 and 25 °C. The 
test starts at 15 °C and ends at 25 °C, with 7200 seconds of conditioning time between 
each temperature. A single stress amplitude of 0.7 MPa is applied; this stress level is also 
2 LVDTs
asphalt sample 
with integrated 
temp. sensor 
160 mm
50 mm
embedded temperature 
sensor
50 mm
axial load
temp. sensor PT100:
5 mm length
2 mm width 
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used for the discontinuous fatigue tests (recovery tests). The stress amplitude of 0.7 MPa 
was selected in pre-testing procedure in order to achieve fatigue life between 80000 and 
100000 loading cycles for discontinuous fatigue test. 
In order to provide better assessment and to determine the influence of the rest period dura-
tion on the recovery properties, discontinuous fatigue tests with single rest period were 
conducted. The rest period was introduced when the asphalt experienced sufficient damage 
after the initial loading phase, in which the stiffness reduction is highly influenced by non-
linearity, heating and thixotropy, as clearly indicated by (Di Benedetto et al., 2004). After 
reaching 64 % of the initial complex modulus, the rest period was applied, leaving the 
specimen in a stress free condition (cf. Isailović et al., 2016). After the rest period, the 
specimen was loaded by a new loading sequence till failure (Figure E.4, loading phase 2).  
 
Figure E.4. Test protocol for discontinuous fatigue test: loading phase 1 + rest period (RP) + loading 
phase 2 (schematic). 
The recovery tests were performed at a stress amplitude of 0.7 MPa and at a temperature of 
20 °C. Several rest period durations were imposed, from 500 up to the 86400 seconds, with 
three test replicates. This is because it was expected to observe an increase in recovery 
potential for longer rest periods (Carpenter and Shen, 2006; Palvadi et al., 2012; 
Isailović et al., 2015 b). 
E.4 Experimental results 
E.4.1 Amplitude sweep tests 
The stress level in amplitude sweep tests was stepwise increased from 0.3 MPa to 1.9 MPa, 
with 50 loading cycles in each sequence (step). The corresponding absolute value of com-
plex modulus for each loading step was calculated as the mean value from cycles 40 to 50. 
This was done since the specified stress amplitude in each loading sequence was achieved 
after 30 to 40 loading cycles. 
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Figure E.5 shows an evolution of the complex modulus (mean value) over the different 
imposed stress levels for an amplitude sweep test conducted at 20 °C. The complex modu-
lus experiences a continuous decrease, meaning that no linear viscoelastic behaviour can 
be observed for the specific loading conditions. Similar results were obtained at other test 
temperatures.  
 
Figure E.5. Evolution of the absolute value of complex modulus over the various stress levels in ampli-
tude sweep test at 20 °C. 
In order to obtain the temperature - complex modulus dependence for the considered stress 
amplitudes, the results from all test repetitions at five temperatures were taken into consid-
eration. Figure E.6 summarizes the results for different stress levels and testing tempera-
tures. It can be noticed that the evolution of the complex modulus obtained at the same 
stress amplitude over the considered temperature range shows a linear trend for all applied 
stress amplitudes. This was also observed earlier by Di Benedetto et al. (2011) at small 
strain amplitudes in strain-controlled mode. The linear regression lines do not exhibit par-
allel offset with increased stress amplitude, indicating coupled effects of viscoelastic prop-
erties and loading history. 
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Figure E.6. Evolution of the absolute value of complex modulus in function of temperature at various 
stress amplitudes in amplitude sweep test. 
E.4.2 Temperature sweep tests 
The results obtained from amplitude sweep tests were verified using temperature sweep 
tests at a stress amplitude of 0.7 MPa. This was done with the purpose of avoiding the ef-
fect of loading history and conducting just one loading sequence with 50 cycles at each 
considered temperature. As mentioned previously, again the absolute value of complex 
modulus was calculated as a mean value from cycles 40 to 50.  
Figure E.7 shows the results from both amplitude and temperature sweep tests. It can be 
seen that both test types show quite similar complex modulus-temperature dependencies at 
the same stress amplitude. This implies that the loading history in amplitude sweep test 
until 0.7 MPa stress amplitude does not affect the overall asphalt mixture viscoelastic 
properties and no damage was induced. From both linear regressions a relative change of 
the absolute value of complex modulus per one degree temperature decrease, or increase 
respectively, can be determined i. e. 
 397.12 MPa/1 °C for amplitude sweep test and 
 385.88 MPa/1 °C for temperature sweep test. 
Based on these values, a mean value of complex modulus variation over temperature for 
0.7 MPa stress amplitude was calculated, resulting in 391.5 MPa/1 °C. This value was sub-
sequently used for the quantitative estimation of the self-heating effect on complex modu-
lus evolution in recovery tests at a stress amplitude of 0.7 MPa and at a temperature 
of 20 °C. 
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Figure E.7. Evolution of the absolute value of complex modulus in function of temperature at the stress 
amplitude of 0.7 MPa in amplitude and temperature sweep tests. 
E.4.3 Recovery tests 
In order to estimate asphalt mixture recovery properties, discontinuous fatigue tests with 
one rest period at a temperature of 20 °C and at a stress amplitude of 0.7 MPa were con-
ducted. Several rest period durations were imposed, from 500 up to the 86400 seconds, 
with three test repetitions.  
Figure E.8 shows the evolution of the complex modulus in one recovery test with a rest 
period of 86400 seconds. The complex modulus recovery is calculated as the difference 
between values at the beginning of the loading phase 2 (first cycle) and the end of the load-
ing phase 1 (last cycle). A relatively high recovery of the complex modulus is stated during 
the rest period and it is almost at the same level compared to the beginning of the first 
loading phase (see Figure E.8). It must be remarked that the second loading phase was ex-
tended until failure occurred. However, the development of the macro-crack was not expe-
rienced across the placement point of the temperature sensor, confirming the good experi-
mental practice followed from preparation of the asphalt mixture specimens. However, 
these results cannot be compared with other research works (Di Benedetto et al., 2011; 
Mangiafico et al., 2015) where only partial fatigue tests were performed without reaching 
the fatigue strength limit.  
Considering the recovery of the complex modulus at different rest period durations it can 
be seen that increased recovery time leads to more distinct complex modulus increase 
(Figure E.9). The complex modulus recovery during a 24 h rest period (86400 s) can reach 
up to 2380 MPa (see Figures E.8 and E.9), which is more than 35 % of the initial complex 
modulus. This value cannot be attributed to self-healing phenomena only. 
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Figure E.8. Evolution of the absolute value of complex modulus in function of the number of loading 
cycles in the recovery test with a rest period of 86400 seconds. 
 
 
Figure E.9. Mean recovery of the absolute value of complex modulus (from three test repetitions) for 
different rest period durations. 
E.4.4 Influence of biasing effects on complex modulus recovery 
By inducing a rest period in the quasi-stationary complex modulus phase, it can be as-
sumed that asphalt mixture has already experienced damage to a certain degree and, beside 
nonlinearity, self-heating, thixotropy and strain relaxation, self-healing also contributes to 
the overall complex modulus recovery. 
The nonlinearity effect is observed at the beginning of the cyclic loading and disappears 
when a specified stress amplitude is achieved. Figure E.10 shows a magnified representa-
tion of Figure E.8, where a rest period of 86400 seconds was imposed. It can be seen that 
the stress amplitude of 0.7 MPa cannot be achieved immediately, while it increases pro-
gressively until loading cycle number 31. By considering the non-linear viscoelastic as-
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phalt properties (cf. Figure E.5), the increase in stress amplitude within the first 30 cycles 
provokes a decrease in complex modulus, that can be addressed to the nonlinearity. The 
influence of other effects in this initial phase is assumed to be negligible (cf. Di Benedetto 
et al., 2011). Therefore, the nonlinearity effect Δ|Enonlinearity| can be calculated as the differ-
ence between the first value of complex modulus |E2|beg in the loading phase 2 and the 
complex modulus |E2|0.7MPa at cycle 31, where the stress amplitude of 0.7 MPa was 
achieved, reading 
∆│𝐸୬୭୬୪୧୬ୣୟ୰୧୲୷ │ = │𝐸ଶ│ୠୣ୥ − │𝐸ଶ│଴.଻୑୔ୟ = 6146.7 − 5974.7 = 172   [MPa] (E.1) 
For this specific test, 172 MPa out of total 2380 MPa were recovered as a consequence of 
material nonlinearity. 
 
Figure E.10. Calculation procedure for nonlinearity effects: close look representation of complex mod-
ulus and stress amplitude evolution in recovery test with rest period duration of 86400 seconds. 
By calculating the effects of nonlinearity on complex modulus recovery for all rest period 
durations considered (see Figure E.11), it can be seen that the nonlinearity effect is not 
affected by increased recovery time. The value for nonlinearity recovery remains approxi-
mately on the same level for various rest period durations. 
The influence of self-heating on the complex modulus recovery was determined based on 
the temperature evolution recorded through an embedded sensor in the core of the speci-
men (see Section E 3.2). Figure E.12 shows the variation of the specimen temperature in 
one recovery test with a rest period of 86400 seconds. 
A significant temperature increase, which is caused by the dissipated viscous energy 
(Di Benedetto et al., 2011), can be observed in the first loading phase. Based on stress-free 
conditions during the rest period, the temperature is continuously reduced down to the ini-
tial value imposed at the beginning of the test (equal to thermal chamber temperature). In 
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the subsequent loading sequence (loading phase 2) a temperature increase is observed 
again, with dramatic evolution up to failure (see Figure E.12). This is due to the increased 
strain amplitude which is linked to high energy dissipation, and thus, a consistent increase 
in temperature. The observed trend is opposite to what was found in tests performed under 
strain-controlled mode, where thermal temperature equilibrium occurred and temperature 
reached a plateau stage (cf. Lundström et al., 2004; Mangiafico et al., 2015). 
 
Figure E.11. Mean recovery of the absolute value of complex modulus (from three test repetitions) as a 
consequence of the nonlinearity effect over various rest period durations. 
 
 
Figure E.12. Time evolutions of absolute values of complex modulus and specimen core temperatures 
in recovery test with a rest period of 86400 s. 
Considering asphalt mixture temperature dependency, the temperature decrease of 0.9 °C, 
experienced during the rest period (see Figure E.12) results in increased complex modulus. 
Using the value of complex modulus change over temperature of 391.5 MPa/1 °C (see Sec-
tion E.3.2) the influence of self-heating on complex modulus recovery can be calculated as 
follows: 
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∆│𝐸ୱୣ୪୤ି୦ୣୟ୲୧୬୥ │ = 0.9 °C · 391.5MPa/1 °C = 355.05   [MPa] (E.2) 
Based on Equations E.1 and E.2, it can be seen that the influence of self-heating effect on 
complex modulus recovery is double compared to the effect of nonlinearity. This counts 
for the long rest period durations, where temperature is recovered completely. If the rest 
period is not long enough, a partial temperature recovery leads to lower complex modulus 
recovery (see Figure E.13). Based on recovery tests, and considering various rest period 
durations, it was possible to determine the actual rest period duration beyond which the 
self-heating effect does not further affect the complex modulus recovery. For the specific 
asphalt mixture and test parameters used in this research the plateau value is obtained after 
2500 seconds approximately. 
 
Figure E.13. Mean recovery of absolute value of complex modulus (from three test repetitions) as a 
consequence of self-heating effect over various rest period durations. 
By subtracting the effects of nonlinearity and self-heating from the overall recovery it is 
possible to calculate the influence of further effects which drive the complex modulus re-
covery, and to estimate their rest period duration sensitivity. Clear separation of effects 
such as thixotropy, self-healing and strain relaxation has not been successfully achieved at 
this stage of research; therefore, they are considered as a single portion. Figure E.14 shows 
that the complex modulus recovery governed by these effects is highly dependent on rest 
period duration. 
Considering the mean value of the complex modulus recovery for nonlinearity 
(184.61 MPa, Figure E.11), and the mean values for self-heating (372.22 MPa, Fig-
ure E.13), thixotropy, self-healing and strain relaxation (1623.12 MPa, Figure E.14) in the 
quasi-stationary (plateau) phase, it can be stated that the effects of thixotropy, self-healing 
and strain relaxation have the largest influence on the complex modulus recovery, which is 
74.4 %. The effects of self-heating are estimated to 17.1 %, and nonlinearity to 8.5 %, 
which have significantly lower influence compared to the other effects. However, they 
must not be neglected. 
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Figure E.14. Mean recovery of the absolute value of complex modulus (from three test repetitions) as a 
consequence of thixotropy, self-healing and strain relaxation effects over various rest period durations. 
In order to investigate the impact on recovery rate of the effects investigated, the percent-
age contribution to the complex modulus recovery was calculated for each of them. The 
effect of nonlinearity was not taken into consideration, because of its rest period duration 
independency. 
The results are plotted in Figure E.15. It can be seen that for short rest period durations the 
effect of self-heating contributes more rapidly to complex modulus recovery. This effect 
vanishes after fully recovery of temperature (at 2500 seconds), where the effect of 
thixotropy, self-healing and strain relaxation solely contribute to complex modulus recov-
ery. 
 
Figure E.15. Percentage recovery of the complex modulus as a consequence of self-heating, thixotropy, 
self-healing and strain relaxation effects (without nonlinearity effect). 
E.5 Summary and conclusions 
In this study, the recovery potential of a hot mix asphalt mixture was investigated in detail, 
using cyclic uniaxial stress controlled tension-compression tests. The rest period duration 
dependency was studied taking into consideration nonlinearity and self-heating effects ob-
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served during cyclic loading. Three types of test modes were applied: (i) amplitude sweep 
tests, (ii) temperature sweep tests, and (iii) discontinuous fatigue tests with single rest peri-
ods of different durations (recovery tests).  
In order to examine the influence of self-heating on recovery properties, a temperature sen-
sor was embedded in the asphalt mix sample during compaction. In such a way an efficient 
sensor integration can be achieved, providing a consistent continuity of the material within 
the specimen, and limiting distortion of the stress field. 
Based on comprehensive test evaluation, the following conclusions can be drawn: 
 The effect of nonlinearity on the complex modulus recovery is not affected by in-
creased rest period durations, and is relatively low (8.5 %) compared to the other ef-
fects such as self-heating, thixotropy, self-healing and strain relaxation. 
 The effect of temperature variation in the core of the specimen, occurring during cy-
clic excitation and during rest periods (self-heating), on complex modulus recovery is 
highly affected by the rest period duration and can account up to 17.1 % of the overall 
complex modulus recovery. 
 For short rest period durations, the effect of self-heating contributes more rapidly to 
complex modulus recovery than other biasing effects, such as thixotropy, self-healing 
and strain relaxation. This effect vanishes when temperature reaches its original value 
(after 2500 seconds in this experiment), leaving to other biasing phenomena dominant 
in term of complex modulus recovery. 
These findings are based on investigations of one asphalt mixture type only, and may be 
different for others. More research on this field is needed in order to examine recovery 
phenomena of mechanical properties more in detail by separating the effects of thixotropy, 
self-healing and strain relaxation during cyclic loading. For further investigations the pre-
sented procedure for core temperature measurement is highly recommended, since no de-
velopment of macro-cracks was observed across the placement point of the temperature 
sensor. This confirms the soundness of the experimental practice followed during the prep-
aration of asphalt mixture specimens. 
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F Fatigue investigation on asphalt mixture layers’ interface6 
 
Abstract: In this paper, the interface shear fatigue performance is investigated based on a 
new fatigue test protocol, which includes both cyclic shear and normal static compressive 
load. Several asphalt structure types are tested at five temperatures (from -10 °C to 50 °C) 
and three normal stress levels (from 0 to 0.50 MPa). Based on fatigue tests at three differ-
ent shear amplitude levels unique fatigue functions of the layers’ interface were identified. 
It was found that the interface shear fatigue performance is highly dependent on normal 
stress state and increases with increasing normal stress. This is a direct consequence of the 
enhanced friction, adhesion and interlock at the shear interface. Observing the fatigue lives 
at different test temperatures, the best resistance was observed at lowest temperature. From 
a practical viewpoint, it is highly recommended to perform the test without normal stress 
application, since this can better reflect the research and practice experience, while keeping 
the testing protocol to a reasonable level of complexity. 
Keywords: layers’ interface, direct shear test, fatigue, normal load. 
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F.1 Introduction 
Asphalt pavement consists of several layers which are built subsequently. In order to en-
sure a good and durable bond between them, the surface of the existing layer is usually 
cleaned and covered with a thin layer of an asphaltic tack coat material. 
The function of the layer bond is to efficiently transfer the shear stresses at the layers’ in-
terface, which are due to braking, accelerating and turning wheel phenomena, and to the 
simple action of rolling wheel loads (Romanoschi and Metcalf, 2001). The bond is 
achieved by the interaction of adhesion, friction and interlock effects at the layers’ bounda-
ry, where the exact contribution of each of them is temperature, mixture and tack coat 
source and application rate dependent (Wistuba et al., 2016). 
The performance of the road structure is directly influenced by the bond conditions be-
tween pavement layers (Tozzo et al., 2014). Pavement with full bonding among all asphalt 
layers can act as a whole structural unit. A poor or missing bond results in a serious change 
of the three-dimensional stress state in the entire structure and will lead to significant in-
crease in tension stresses at the bottom of the asphalt layers (Wistuba et al., 2016). Conse-
quently, an essential reduction of the structural bearing capacity and thus a much shorter 
service life is expected. This was clearly showed by Weber (1991), where the deflections 
of two beams with and without bond were compared. Based on linear elastic bending theo-
ry, a nine-fold increase in the deflection of a three-layer beam (without bond) was ob-
served. 
Several monotonic shear test methods were developed over the years (Raab and Partl, 
2004; Santagata and Canestrari, 1994; Sholar et al., 2004; West et al., 2005; Woods, 2004). 
In order to simulate the real field conditions, cyclic shear tests were also proposed 
(Carr, 2001; Crispino et al., 1997; Diakhate et al., 2011; Donovan et al., 2000; Gorszczyk 
and Malicki, 2012; Romanoschi and Metcalf, 2001; Sanders, 2001; Tozzo et al., 2014; 
Wellner and Ascher, 2007; Wheat, 2007; Zofka et al., 2015); however, they only focused 
on specific conditions or parameters, such as temperature effects or compressive normal 
load, without considering the influence of both parameters on shear fatigue phenomenon. 
Each of these shear tests is generally suitable for the evaluation of the interface shear prop-
erties, but so far no test method has been internationally established and widely accepted. 
The variety of testing procedures and test conditions leads to a lack of result repeatability 
making a direct comparison across the different methods very complex. In extreme cases, 
the test results are contradictory. 
The current German procedure for evaluation of the interface shear properties is based on a 
simplified monotonic shear test, Leutner test (FGSV, 2012). This test consists of applying 
a constant shear displacement rate across the layers’ interface, where shear strength is ob-
tained at the peak shearing force. In spite of its simplicity and short test procedure, this 
type of test is not able to simulate real traffic load conditions. This is because the imposed 
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shear stress is not cyclic and does not include the application of a normal force to the spec-
imen. The actual interface behaviour is unknown and the test results cannot be appropriate-
ly used in the mechanistic pavement design. 
F.2 Objective and research approach 
Because of the obvious disadvantages of the monotonic shear test (Leutner test) used in 
Germany, and its inability to obtain the viscoelastic and fatigue properties at the layers’ 
interface, there is a need to introduce a new test procedure. This procedure should be able 
to apply different cyclic shear stress conditions coupled to a normal stress, which simulates 
the vertical traffic load. This is especially important for mechanistic pavement design, be-
cause the actual procedure does not consider the change in mechanical properties of the 
layer’ interface during the service life. 
This paper presents the research results from a research project devoted to fatigue investi-
gation of asphalt mixture layers’ interface (Wistuba et al., 2016); as a basis, the testing 
device developed by Wellner and Ascher (2007) was used. It represents a cyclic version of 
the Leutner shear test with the possibility of applying a static normal load, which simulates 
the vertical load of the vehicles’ axles. 
The main objective of this work was to clarify if the existing test apparatus can be em-
ployed for the fatigue evaluation of the layers’ interface and, if so, which test parameters 
should be used. Over 400 specimens were prepared in order to determine the influence of 
various asphalt mixtures, tack coats, test temperatures and compressive normal stresses on 
fatigue behaviour of the layers’ interface. For each material combination, amplitude sweep 
tests were performed in order to determine conditions and initial parameters for fatigue 
tests and the limits of the linear viscoelastic domain. Following, fatigue tests were con-
ducted at three stress states with the goal of obtaining the bond fatigue functions. Fig-
ure F.1 provides the flow chart of the selected research approach. 
 
Figure F.1. Flow chart of the selected research approach. 
 
Prepare double layered asphalt specimens considering different asphalt structures
Conduct
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and normal stresses
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Obtain the fatigue 
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F.3 Experimental study 
F.3.1 Materials and specimens’ preparation 
The interface shear fatigue performance was evaluated on double-layer specimens of as-
phalt mixture. Three asphalt mixtures were considered: stone mix asphalt SMA 11 for sur-
face course, asphalt concrete AC 16 B S for binder course and asphalt concrete AC 22 T S 
for base course. Different asphalt binders (plain and polymer modified) and aggregate 
types were used. Table F.1 shows the composition of each asphalt mixture. 
Table F.1: Composition of the asphalt mixtures investigated 
Characteristic  Unit 
Asphalt mixture type 
AC 22 T S AC 16 B S SMA 11 S 
G
ra
in
 si
ze
 d
ist
ri
bu
tio
n 
 0.063 mm M.-% 5 7.1 10 
0.063 - 0.125 mm M.-% 1.2 1.9 1.8 
0.125 - 0.25 mm M.-% 2.7 2.6 2.2 
0.25 - 1 mm M.-% 11.4 11.3 7.9 
1 - 2 mm M.-% 8.2 7.4 5.3 
2 - 5.6 mm M.-% 12.2 14.2 15.7 
5.6 - 8 mm M.-% 15.2 12.1 12.2 
8 - 11.2 mm M.-% 14.3 19 40.6 
11.2 - 16 mm M.-% 18.8 21.6 4.3 
16 - 22.4 mm M.-% 9.9 2.8 - 
22.4 - 31.5 mm M.-% 1.1 - - 
sum M.-% 100 100 100 
Aggregate type  - limestone basalt basalt 
RAP addition M.-% 30 - - 
Binder type - 50/70 25/55-55 A 25/55-55 A 
Binder content M.-% 4.1 4.7 6.0 
Bulk density g/cm³ 2.374 2.475 2.461 
Air voids content V.-% 7.4 6.5 3.9 
 
For the compaction of the asphalt mixture, a segment steel roller compactor, known as 
German Sector Compactor, was used; a set of 500 × 700 mm2 double-layer slabs were 
compacted in three steps using the following compaction procedure (FGSV, 2007): 
(i) compaction of the lower slab layer, (ii) application of the tack coat on the next day and 
(iii) compaction of the upper slab layer after breaking process of tack coat occurred (ca. 3 
hours after tack coat application). After cooling, cylindrical samples having diameter 
 = 99 mm were cored. Figure F.2 shows the coring scheme (left) and a double-layer sam-
ple (right), which was subjected to fatigue loading. 
In this study, three types of the tack coat were used: 
 cationic polymer modified emulsion C60BP1-S with 60 mass-% of asphalt binder con-
tent, 
 cationic emulsion C40BF1-S with 40 mass-% of asphalt binder content, 
 cationic emulsion C60B1-S (U60K) with 60 mass-% of asphalt binder content. 
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Figure F.2. Coring scheme for slabs (500 × 700 mm2) compacted with roller steel compactor (left) and a 
double-layer sample (SMA 11 on AC 16 B S) (right). 
Based on various asphalt mixtures and emulsions, five different interface bonds were con-
sidered in total. Table F.2 gives an overview of the applied layer-bond combination and 
their composition. 
Table F.2: Layer-bond combinations and composition 
Bond 
type 
Emulsion 
type 
Application rate of 
emulsion 
[g/m²] 
Layers 
Height of asphalt 
layers 
[cm] 
A C60BP1-S 300 AC 16 B S on AC 22 T S  
5 cm on 
6 cm B C40BF1-S 
C C60BP1-S 200 SMA 11 S on AC 16 B S  
4 cm on 
5 cm D C40BF1-S 
E C60B1-S 300 AC 22 T S on AC 22 T S  
6 cm on 
6 cm 
 
F.3.2 Test equipment 
Cyclic shear tests were used to investigate the interface shear fatigue properties. In order to 
obtain a satisfactory and precise allocation of the sample inside the testing frame, the dou-
ble-layer cylindrical specimen was glued within four-steel half-shells and stored for at least 
24 hours at room temperature for complete curing (see Figure F.3). The gap width that is 
exposed to direct shear stress was set to 1 mm (Wellner and Ascher, 2007). 
In order to induce cyclic loading at the interface between the two asphalt mixture layers, 
the test frame was installed in a servo-hydraulic machine equipped with a 25 kN load cell. 
A continuous cyclic loading was imposed in displacement control to induce damage at the 
layers’ interface. The testing frame is presented in Figure F.4. The sinusoidal cyclic shear 
load was applied at a single fixed frequency of 10 Hz. For the application of the accurate 
cyclic shear displacement, two vertical strain gauges were attached at both sides of the 
testing frame. In order to simulate a real field stress conditions, in addition to the cyclic 
shear load, a compressive normal stress can be applied. This normal stress is static, be-
cause dynamic application would lead to a higher complexity of the test frame. In order to 
700 mm
50
0 
m
m
ϕ 99 mm
upper layer
lower layer
interface
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monitor and control the potential axial (horizontal) displacement through high normal 
stress application, a third, horizontally placed strain gage was employed (see Figure F.4). 
Prior to testing, the specimen was conditioned for 2 hours at the desired testing tempera-
ture. 
 
Figure F.3. Specimen preparation for the cyclic shear test. 
 
 
Figure F.4. Schematic representation of the cyclic shear apparatus. 
During the tests, displacement and force were recorded with a data acquisition system and 
the shear stress (τn) was calculated as follows (Wellner and Ascher, 2007): 
cyclic 
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𝜏௡ =  
𝐹௡
𝐴௘௙௙
 [MPa], (F.1) 
where: Fn = force amplitude at cycle n [N], and Aff = interface area [mm2]. 
The interface shear stiffness (Ks,n) was defined as the ratio between shear stress and rela-
tive displacement at the interface (Equation F.2, Wellner and Ascher, 2007): 
𝐾௦,௡ =  
𝜏௡
𝑈௡
 [N/mm3], (F.2) 
where: τn = shear stress at cycle n [MPa], Un = displacement amplitude at cycle n [mm]. 
F.3.3 Testing procedure 
Since no previous work was performed on fatigue tests with the shear apparatus presented 
in this study (see above), the shear displacement amplitudes were chosen through a pre-
testing procedure using an amplitude sweep test. Within this test it is also possible to de-
termine the linear viscoelastic domain of the asphalt mixture interface.  
This type of test was designed with a stepwise increase of the shear displacement ampli-
tude from 0.008 to 0.2 mm. In total, 25 loading sequences were applied, each consisting of 
200 cycles. The number of loading cycles was sufficient to achieve the specified displace-
ment amplitude. The proposed protocol is shown in Figure F.5. For each material and test 
condition, at least two sweep tests were performed. 
 
Figure F.5. Test protocol for the amplitude sweep test: 25 load steps, each with 200 loading cycles. 
Based on amplitude sweep test results, continuous fatigue tests were conducted at three 
displacement amplitudes with three test replicates for each material and test condition, with 
the goal of obtaining shear fatigue functions for the interface bond. For each type of layer-
bond combination (A-E in Table F.2) three normal stresses and at least three test tempera-
tures were considered in order to find appropriate test parameters (Table F.3), for a total of 
47 combinations. Based on the stress calculations conducted by Wellner and 
Ascher (2007), the normal stress at the point of maximal shear stress (the edge of the tire) 
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does not exceed 0.50 MPa. Therefore, this value will be used as a maximum in shear fa-
tigue evaluation (see Table F.3). 
Table F.3: Test matrix for fatigue testing of asphalt layer interface (grey combinations were consid-
ered) 
Bond 
type 
Normal stress [MPa] Temperature [°C] 
0 0.25 0.50 -10 10 20 30 50 
A yes yes yes yes yes yes yes yes 
B yes yes yes no yes yes yes no 
C yes yes yes no yes yes yes no 
D yes yes yes no yes yes yes no 
E yes yes yes no yes yes yes no 
 
F.4 Experimental results 
F.4.1 Amplitude sweep tests 
In order to determine the input parameter for the fatigue tests, amplitude sweeps were per-
formed. As previously indicated, the displacement level in amplitude sweep tests was 
stepwise increased from 0.008 to 0.2 mm. 
Figure F.6 shows one example of amplitude sweep test conducted on bond type E at 20 °C 
and 0 MPa normal stress. Increasing displacement amplitudes lead to lower interface shear 
stiffness. However, the nominal force required for achieving a specific displacement am-
plitude increases up to a maximum limit value (0.04 mm shear amplitude, vertical dashed 
line). After that point, a significant reduction of force is observed. Although the displace-
ment amplitude further increases, the force remains at a low level due to the failure of the 
layers’ interface. The remaining force is associated only to the friction between the asphalt 
layers. Similar evolutions were obtained for other bond types and other temperatures. 
Each shear amplitude at which a disproportionate sudden drop in force amplitude occurs, 
can be considered as a limit for shear fatigue tests (black dashed line in Figure F.6), since 
this would imply a very short fatigue life. The maximum displacement (shear) amplitude 
for fatigue tests should be selected in correspondence of two displacement steps below 
than the specifically identified threshold (see the right end arrow on the top of Figure F.6). 
Preliminary tests have shown that the lowest shear amplitude that can be applied by the 
testing machine used in this research is 0.008 mm. It represents the lower amplitude limit 
for the present shear fatigue tests. Based on amplitude sweep test in Figure F.6 and state-
ments made above, the following displacement amplitudes for fatigue tests can be recom-
mended for bond type E: 0.01, 0.02 and 0.03 mm. 
By applying the highest value of the normal stress (0.50 MPa), an initial increase in force 
with increased displacement amplitude can be also observed (see Figure F.7). After reach-
ing the maximum value, the force amplitude does not fall, showing a quasi-stationary evo-
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lution. This is a direct consequence of the increased normal stress which induces higher 
friction between the asphalt layers. On this basis, it is quite difficult to define the dis-
placement amplitude at which layers’ interface exhibits failure. 
 
Figure F.6. Evolution of the displacement amplitude, interface shear stiffness and force amplitude in 
amplitude sweep test conducted on bond type E at 20 °C and 0 MPa normal stress. 
 
 
Figure F.7. Evolution of the displacement amplitude, interface shear stiffness and force amplitude in 
amplitude sweep test conducted on bond type E at 20 °C and 0.50 MPa normal stress. 
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In order to determine the linear viscoelastic domain of the layers’ interfaces at different 
temperatures and normal stress states, the corresponding value of interface shear stiffness 
for each loading step was calculated as the mean value from cycles 190 to 200. Figure F.8 
shows an evolution of the interface shear stiffness (mean value) over the different imposed 
displacement levels for an amplitude sweep test conducted at bond type C at 20 °C and at 
three normal stresses (0, 0.25 and 0.50 MPa). It means that no linear viscoelastic behaviour 
can be observed for the specific loading conditions. Similar results were obtained at other 
test temperatures. 
 
Figure F.8. Bond type C: evolution of the interface shear stiffness over the displacement amplitudes for 
amplitude sweep tests at 20 °C and three normal stress levels (0, 0.25 and 0.50 MPa). 
F.4.2 Fatigue tests 
F.4.2.1 Material behaviour - cyclic shear loading 
For the evaluation of the material behaviour during the cyclic shear test, the following ma-
terial parameters were considered: interface shear stiffness, phase angle and dissipated en-
ergy. Figures F.9 and F.10 show the evolution of these three parameters in several shear 
fatigue tests at various temperatures and normal stress levels. 
Interface shear stiffness decreases gradually with increased number of loading repetitions 
as a consequence of the bond deterioration at the interface. This was also examined in the 
work of Diakhate et al. (2011), where a double shear test was used. Two typical evolutions 
of the shear stiffness can be observed, depending on the magnitude of the normal stress 
(Figures F.9 and F.10). 
For the tests without normal stress, similarly to the conventional fatigue tests (Di Bene-
detto et al., 2004) three phases of the stiffness decay can be recognized: 
 a rapid decrease of shear stiffness at the beginning of the test, 
 a quasi-stationary phase of the shear stiffness decay, and 
 propagation phase, where bond failure occurs. 
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After the propagation phase, the interface shear stiffness remains at a very low level. This 
is mainly attributed to the friction within layers’ interface, where the effects of adhesion 
and interlock are relatively low. This bond behaviour is also observed at 10 °C and 
0.25 MPa, most likely because of the increased brittleness of the layers’ interface com-
pared to 20 °C.  
With higher normal stress levels, shear stiffness does not exhibit three-stage evolution, 
since no rapid failure of the layers’ interface occurs (see Figure F.9). This is a direct con-
sequence of the applied normal stress, which through its confining action makes the effects 
of friction, adhesion and interlock much more effective. In this case, the shear stiffness 
shows a trend for which, the higher the normal stress is, the higher the interface shear stiff-
ness at failure is (see Figure F.9, top). This shear stiffness evolution was also observed at 
30 °C without normal stress. This is because the layers’ interface at this temperature shows 
a more viscous behaviour than at 20 °C or 10 °C. The potential evolution of the shear stiff-
ness was recognized at 10 °C and 0.50 MPa normal stress as well. 
Due to the different bond viscosity, the interface shows increasing shear stiffness values 
for decreasing test temperatures (Figure F.10). This was also observed for increased nor-
mal stress levels at the same displacement amplitudes (see Figure F.8). 
As a result of continuous cyclic excitation of the layers’ interface in fatigue shear test, the 
phase angle presents a constant increase which is highly dependent on the level of normal 
stress and temperature (see Figures F.9 and F.10). After the bond failure (at constant shear 
stiffness), the phase angle remains fairly constant. The highest values were detected in tests 
without normal stress and at higher temperatures. Rarely, a decrease in phase angle during 
the shear fatigue test was observed (e.g. for bond type B). 
Dissipated energy (Wn) for each loading cycle was calculated as follows: 
𝑊௡ =  𝜋 ∙ 𝐹௡ ∙ 𝑈௡ ∙ 𝑠𝑖𝑛𝜑௡  [Nmm], (F.3) 
where: Fn is the force amplitude at cycle n [N], Un is the displacement amplitude at cycle n 
[mm] and ϕn is the phase angle at cycle n. 
As a consequence of the constant material deterioration in displacement controlled fatigue 
test, the dissipated energy should decrease with increased number of loading cycles (be-
cause of the stress amplitude reduction). Figures F.9 and F.10 show the evolutions of the 
dissipated energy in direct shear fatigue test at different normal stress levels and at differ-
ent test temperatures. Both an initial decrease and increase of the dissipated energy can be 
observed. One possible reason for the increased energy dissipation is the higher increase in 
phase angle, which cannot be compensated by the stress amplitude reduction. 
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Figure F.9. Bond type E: evolution of the interface shear stiffness, phase angle and dissipated energy 
over the number of loading cycles for fatigue tests at 20 °C and three normal stress levels (0, 0.25 and 
0.50 MPa). 
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Figure F.10. Bond type E: evolution of the interface shear stiffness, phase angle and dissipated energy 
over the number of loading cycles for fatigue tests at normal stress 0 MPa and three test temperatures 
(30, 20 and 10 °C). 
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F.4.2.2 Failure criteria for direct shear test 
In order to obtain the correlation between number of loading cycles at failure and applied 
displacement amplitude, several failure criteria were considered. 
Based on research results, energy-related criteria (Hopman et al., 1989; Rowe and 
Bouldin, 2000) are not applicable for the determination of the fatigue correlated number of 
loading cycle, because of the non-uniform energy dissipation during the fatigue tests 
(see previous section). The use of this type of criteria could lead to non-consistent research 
results and erroneous evaluation. 
Referring to fatigue tests performed on asphalt mixtures, a conventional failure criterion 
was also investigated (Di Benedetto et al., 2004). This is related to the number of loading 
cycles at failure (N50), where 50 % decrease in interface shear stiffness occurs. Figure F.11 
shows an example of the interface shear stiffness evolution at different normal stresses. 
 
Figure F.11. Bond type E: evolution of the interface shear stiffness, over the number of loading cycles 
for fatigue tests at 20 °C and three normal stress levels (0, 0.25 and 0.50 MPa). 
As can be seen, 50 % decrease of the initial stiffness can be achieved only for a test with-
out normal stress application. For the tests with 0.25 and 0.50 MPa normal stress, interface 
shear stiffness shows a potential evolution which ends at a relatively high level. Therefore, 
there is a need to find appropriate fatigue criterion and determine the numbers of loading 
cycles at failure for tests performed under normal stress conditions. Taking into considera-
tion that in these tests interface shear stiffness settles at a relatively stable constant level for 
very high number of loading cycles, fatigue can be characterized as a point where shear 
stiffness reaches its asymptotic value (Nasympt, Figure F.11). It is assumed that interface 
bond in this phase is completely destroyed, where the residual shear stiffness is a conse-
quence of the increased friction at the layers’ interface. Based on this, conventional failure 
criterion (N50) was used for tests without normal stress and asymptotic failure criterion 
(Nasympt) for tests with normal stress. 
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F.4.2.3 Displacement amplitude dependency 
As described in Section F.3.3, for each bond type (A-E) and normal stress and temperature 
variation, fatigue tests at three displacement amplitudes and with three test replicates were 
conducted. The results from at least nine tests are fitted and presented in form of a power 
function (fatigue curve): 
𝑈 =  𝐶ଵ ∙ 𝑁ହ଴/௔௦௬௠௣௧
஼మ  [mm], (F.4) 
where: where U is the displacement amplitude [mm], N50/asympt is the number of loading 
cycles at failure [-] and C1, C2 are function parameters [-]. 
Figure F.12 shows one resulting shear fatigue function for bond type E at 20 °C and 0 MPa 
normal stress. As can be seen, increasing displacement amplitudes lead to a shorter fatigue 
life of the layers’ interface.  
For some bond types beside the threefold test repetitions, no sufficiently good regressions 
were achieved because of the high result scattering. This was mainly observed for tests at 
10 °C, independently on the applied normal stress. One example is represented by bond 
type B at 10 °C and 0 MPa normal stress, where no relationship between displacement am-
plitude and fatigue life could be obtained. This is probably due to an interaction of lower 
temperature, rough layer’s surface (binder course on base course), low binder content of 
the bituminous emulsion (40 %) and production-related inconstancy that makes the inter-
face bond more susceptible to uncontrolled failure. 
 
Figure F.12. Bond type E: displacement amplitude over the number of loading cycles at failure at 
20 °C and 0 MPa normal stress. 
Beside high scatters obtained for some bond types at specific test conditions, over 80 % of 
the entire set of power functions (35 in total) has determination coefficient R2 higher than 
0.7 (see Table F.4). Only two fatigue functions had determination coefficient lower 
than 0.5. 
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Table F.4: Percentage distribution of the determination coefficient of fatigue functions for all shear 
fatigue tests 
Determination coefficient R2 
[-] 
Percentage distribution 
[%] 
< 0.50 5.71 
0.50 ≤ R2 <0.70 13.33 
0.70 ≤ R2 <1.0 80.95 
 
F.4.2.4 Normal stress dependency 
As shown in Section F 4.2.1, the evolution of the interface shear stiffness is highly depend-
ent on the level of applied normal stress. Figure F.13 presents two sides of the layers’ inter-
face after shear fatigue test at 20 °C without and with 0.50 MPa compressive normal stress. 
It is visually clear that a higher normal stress is associated to a larger portion broken ag-
gregates at layers’ interface (bright regions, Figure F.13). This is a direct consequence of 
the relatively high normal stress application and enhanced friction, adhesion and interlock 
at the shear interface. 
 
Figure F.13. Bond type A: two sides of the layers’ interface after shear fatigue test at 20 °C without 
normal stress (top), and with 0.50 MPa normal stress (bottom). 
Due to the improved bonding effects in tests with normal stress, a consistent improvement 
in fatigue behaviour is experienced. This is clearly shown in Figure F.14, where fatigue 
functions of bond type E at 10 °C and at three different normal stresses are summarized. 
For comparison purposes, the asymptotic failure criterion was also used for fatigue test 
without normal stress. As can be seen, increased normal stress leads to increased number 
of loading cycles at the same displacement amplitude. This ranking was also observed at 
10 °C and 20 °C for all considered bond types. 
The investigation of the influence of the normal stress on bond fatigue behaviour at 30 °C 
was limited because of the high axial (horizontal) deformation observed. This deformation 
is induced as a consequence of the constant compressive normal stress, which presses the 
Bond type A
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double layered asphalt sample in a horizontal way (see testing frame, Figure F.4). Consid-
ering the small initial shear gap width of 1 mm, the axial deformation evolution was con-
trolled and limited through a horizontal linear variable differential transformer. In case of 
an overall axial displacement exceeding 1 mm, the shear steel blocks holding the specimen 
would run against each other that would lead to the damage of the testing frame. 
 
Figure F.14. Bond type E: fatigue functions at 10 °C and three normal stresses (0, 0.25 and 0.50 MPa). 
Figure F.15 shows the testing frame before and after the breaking of one fatigue shear test, 
conducted on bond variant D at 20 °C, 0.50 MPa normal stress and 0.08 mm displacement 
amplitude. As can be seen, after stopping the test, the gap between shear rams is practically 
away. The gap reduction at the double layered asphalt sample is 0.7 mm (reduction from 
1.1 to 0.4 mm). 
 
Figure F.15. Bond type D at 20 °C, 0.50 MPa normal stress and 0.08 mm displacement amplitude: 
shear frame before test (left), after the stopping of fatigue test (middle) and asphalt sample after test-
ing. 
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Similar behaviour was observed for all bond types when subjected to normal stress at 
30 °C, either during amplitude sweep tests or during fatigue tests. As a consequence, the 
test would be automatically stopped, without any possibility for bond fatigue evaluation. 
Beside increased axial deformations at 30 °C, an increase for finely graded bond types C 
and D at 20 °C was also observed. An example is shown in Figure F.16, where one fatigue 
test was performed on bond type C at 20 °C, 0.25 MPa normal stress and 0.04 mm dis-
placement amplitude. As can be seen, the axial deformation increases from the very begin-
ning of the test. After the initial drop, the interface shear stiffness does not remain at the 
constant level as it would be expected, while it shows a slight increase of 2 MPa/mm. This 
indicates that increased axial deformation (0.28 mm, Figure F.16) leads to compression of 
the double layered sample and consequently to enhanced friction, adhesion and interlock at 
the shear interface. The consequence is an increased stiffness at the layers’ interface. 
This is a clear evidence of high influence of normal stress on fatigue behaviour of the as-
phalt layers’ interface. 
 
Figure F.16. Bond type C: interface shear stiffness and axial deformation over the number of loading 
cycles at 20 °C, 0.25 MPa normal stress and 0.04 mm displacement amplitude. 
F.4.2.5 Temperature dependency 
In order to investigate the influence of the temperature on interface shear fatigue behav-
iour, a wide temperature range was considered: 50, 30, 20, 10 and -10 °C. Figure F.17 
shows four fatigue tests at -10 °C and 50 °C and at different normal stress levels. Shear 
fatigue tests at 50 °C show erroneous test results, since higher normal stress does not corre-
spond to better fatigue life at the same displacement amplitude. On the other side, despite 
of the high displacement amplitude, the interface shear stiffness at -10 °C and 0 MPa nor-
mal stress does not show any decay after 450000 loading cycles. Higher number of loading 
cycles and higher displacement amplitudes could lead to the bond failure, but their applica-
tion is time-consuming and would exceed the loading possibilities of the test frame. Based 
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on this analysis, the evaluation of the bond fatigue properties at -10 °C and 50 °C is not 
recommended. 
 
Figure F.17. Bond type A: shear fatigue tests at -10 °C and 50 °C at different normal stress levels. 
Due to the different bond viscosities at 30, 20 and 10°C, the interface shear stiffness shows 
a remarkable temperature dependency. Lower temperatures lead to increased interface 
stiffness (see Figure F.10). Observing the fatigue lives at different test temperatures, the 
results for all bond types are not as consistent as for different normal stresses. 
Independent on the normal stress level, the fatigue tests at 10 °C show for most bond types 
the best fatigue results. Fatigue tests at 20 °C and 30 °C show for different bond types dif-
ferent impacts. Considering fatigue tests without normal stress, bond types A and C show 
increased fatigue life with decreased temperature. One example for bond type A is shown 
in Figure F.18. On the other hand, bond type D exhibited better fatigue resistance at 30 °C 
compared to 20 °C. For bond type E, the fatigue temperature sensitivity between 10 °C and 
20 °C is relatively low, because fatigue functions at this temperature range intersect. 
 
Figure F.18. Bond type A: fatigue functions at 0 MPa normal stress and three test temperatures (10, 20 
and 30 °C). 
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As described in Section F.4.2.4, increased normal stress, and consequently the develop-
ment of increased axial deformation, prevents the occurrence of fatigue shear tests at 
30 °C. Only for bond type A at middle normal stress level (0.25 MPa) it was possible to 
compare fatigue functions at all three temperatures (see Figure F.19). As mentioned before, 
fatigue tests at 10 °C show the best results. Power functions at 20 °C and 30 °C intersect, 
where fatigue tests at 20 °C show better fatigue resistance at lower displacement ampli-
tudes. 
For other bond types the evaluation of the temperature influence in tests with normal stress 
was possible only at 10 °C and 20 °C. For most bond types the fatigue behaviour at 10 °C 
is better than at 20 °C. Exception is bond type C, where fatigue tests at 0.25 and 0.50 MPa 
normal stress show better results at 20 °C. For an applied normal stress of 0.50 MPa, the 
fatigue functions of bond type A at 20 °C and 30 °C intersect. 
 
Figure F.19. Bond type A: fatigue functions at 0.25 MPa normal stress and three test temperatures 
(10, 20 and 30 °C). 
F.4.2.6 Analysis and determination of the optimal test parameters 
The determination of the optimal test parameters for direct shear test is done based on a 
validation analysis performed in previous research (Deysarkar and Tandon, 2005; Sholar et 
al., 2004; West et al., 2005), where all employed materials and test parameters were con-
sidered. Based on the asphalt mixtures and emulsion types used in this research the follow-
ing experience should be reflected in the test results: 
 Smaller nominal maximum aggregate size (NMAS) mixes benefit more from tack coat 
application compared to higher NMAS (Sholar et al., 2004; West et al., 2005). Based 
on this, the fatigue resistance of the double-layered specimens composed of surface 
and binder course material should be higher than the resistance of specimens com-
posed of binder and base course or just base course material. 
 Emulsions with higher asphalt binder content lead to increased bond strengths at the 
same application rate (Deysarkar and Tandon, 2005). Taking into account the emul-
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sion types used in this work, the double layered specimens prepared with C40   
(40 M.-% binder content) should show the worse fatigue resistance. 
Based on the above-listed research findings the following ranking of the considered bond 
types with respect to shear fatigue resistance is to be expected (from best to worst): bond 
type C (lowest NMAS with polymer modified emulsion with 60 M.-% of asphalt binder) 
should give the best fatigue results; it should be followed by type D (lowest NMAS with 
emulsion with 40 M.-% of asphalt binder) and type A (middle NMAS with polymer modi-
fied emulsion with 60 M.-% of asphalt binder); the lowest fatigue resistance is expected for 
type E (highest NMAS with emulsion with 60 M.-% of asphalt binder) and type B (middle 
NMAS with emulsion with 40 M.-% of asphalt binder). 
Considering shear fatigue tests for different bond types the following was found: 
 The results at 0.50 MPa normal stress do not show the expected ranking because at 
10 °C fatigue functions of type C (with lowest NMAS) and type E (with highest 
NMAS) intersect. Similar trend is obtained for tests at 20 °C, in the case of bond type 
A (with middle NMAS) and E (with highest NMAS). 
 The results at 0.25 MPa normal stress do not exhibit the expected ranking because at 
10 °C bond type D with lower emulsion’s asphalt binder content (40 M.-%) show bet-
ter fatigue resistance than type C with 60 M.-% of asphalt binder in emulsion. Similar 
to the results at 0.50 MPa and 20 °C the fatigue functions of bond type A and D inter-
sect. 
 The results at 0 MPa normal stress show for all considered temperatures the expected 
bond type ranking. 
The possible reason for different bond types ranking in tests with normal stress application 
is most likely the significant accumulation of axial deformation observed in the present 
research. As this deformation is not entirely controllable and material composition depend-
ent, it leads to different fatigue behaviour of the layers’ interfaces. 
As specified, tests without normal stress application lead to expected bond ranking. One 
example is shown in Figure F.20, where power functions of all bond types at 20 °C and 
0 MPa normal stress are summarized. 
As expected, the fine graded bond type C with polymer modified emulsion shows the best 
fatigue performance, while the fatigue functions of bond types A and D intersect. This in-
dicates that the use of emulsion with high amount of asphalt binder can compensate the 
effect of the asphalt gradation. The coarse graded bond type E shows better fatigue proper-
ties compared to type B. The relatively low binder content in the base course, combined 
with low asphalt binder content of emulsion (40 M.-%), cannot compensate the favorable 
properties of finer graded mixture (compared to bond type E). 
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Based on these results, it can be stated that the proposed shear test can be successfully used 
for fatigue evaluation of the layers’ interfaces. In order to avoid the axial deformation de-
velopment in the specimen, it is highly recommended to perform the test without normal 
stress application on a routine basis. This is because the accumulation of permanent defor-
mation may result into erroneous measurements and, potentially, misleading conclusions. 
While in the laboratory a static normal stress is applied, the pavement in the field experi-
ences a cyclic dynamic normal load with stress field varying over time and location. If 
necessary, the normal stress can be applied at lower temperatures. 
 
Figure F.20. Fatigue functions at 0 MPa normal stress at 20 °C for all considered bond variants. 
F.5 Summary, conclusions and recommendations 
In this paper, the fatigue properties of asphalt mixture layers’ interfaces were investigated. 
The main objective of this work was to clarify if the direct shear test apparatus, presented 
in this paper, can be successfully used for the fatigue evaluation of the interface bond. For 
this purpose, over 400 amplitude sweep tests and fatigue tests were performed on different 
bond types, over a range of temperatures and normal stress levels. Based on the research 
results, the following conclusions can be drawn: 
 Due to the constant decrease of shear stiffness in amplitude sweep tests, no linear vis-
coelastic behaviour can be observed for the specific loading conditions. It was shown 
that amplitude sweep test is a good experimental approach for obtaining the input pa-
rameters for fatigue tests. 
 Because of the continuous cyclic loading in shear fatigue tests, the gradually decrease 
of the interface shear stiffness was confirmed. In tests without normal stress a three-
stage behaviour was observed (similarly to the conventional fatigue tests). On the oth-
er side, the normal stress application leads to a specific stiffness evolution. 
 Based on fatigue tests at three different shear amplitude levels with three test repli-
cates, unique fatigue functions for the investigated asphalt mixture types were identi-
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fied. The regressions of the resulting fatigue functions are relatively good, with 81 % 
of the functions having determination coefficient over 0.7. 
 Bond fatigue properties are highly dependent on the normal stress application, and in-
crease as the normal stress increases. This is a direct consequence of the enhanced 
friction, adhesion and interlock at the shear interface. Investigation on normal stress 
influence was limited to 30 °C, because of the deformation accumulation at the layers’ 
interface. This deformation is induced as a consequence of the constant normal stress, 
which compresses the double-layered asphalt sample in an axial way and leads, at 
lower temperature, to increased stiffness of the layers’ interface. 
 Due to the different bond viscosities at the selected testing temperatures, the interface 
shear stiffness shows a remarkable high dependency, where decreased temperatures 
lead to increased interface shear stiffness. Independent on the normal stress level, the 
fatigue tests at 10 °C show for most bond types the best fatigue results, but also the 
highest scattering. Fatigue tests at 20 °C and 30 °C show a different impact for the var-
ious bond types. 
 The validation of the test results was conducted, based on fatigue tests on different 
bond materials. It was found that tests without normal stress application can success-
fully reflect the research and practice experience. 
Based on this preliminary work on asphalt bond, it can be stated that the proposed direct 
shear test can be successfully used for fatigue evaluation of the layer interfaces. In order to 
avoid the axial deformation development in the specimen, it is highly recommended to 
perform the test without normal stress application on a routine basis. Test temperature of 
20 °C should be used, in order avoid the results scattering at lower temperatures. 
Further work is needed in order to improve the results repeatability. The shear gap of 1 mm 
does not seem to be appropriate, especially when mixtures with high NMAS are used. This 
is the objective of a current research effort at Technische Universität Braunschweig. 
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G Asphalt mixture layers’ interface bonding properties under monotonic 
and cyclic loading7 
 
Abstract: This paper focuses on investigating the interface shear bonding properties of 
asphalt pavement structures using both monotonic and cyclic direct shear tests. Several 
pavement structures were considered, differing in the asphalt mixture type and tack coat 
type, and laboratory preparation of the double-layered asphalt specimens. Based on the 
results on bond materials used in this research, it was found that the resulting shear 
strength from monotonic shear test can be used only as a rough indicator for long term in-
terface bonding performance, because not all research and field experience could be re-
flected in the test results. The cyclic shear test employed in this study can be used for eval-
uating the interface fatigue performance. Additionally, differentiation between particular 
bond materials with respect to interface shear bonding properties is assured. 
Keywords: interface shear bonding properties, monotonic shear test, cyclic shear test. 
                                                 
7 Isailović, I., and Wistuba, M. 2018. Asphalt mixture layers’ interface bonding properties under monotonic 
and cyclic loading. Published in Journal of Construction and Building Materials, Vol. 168, pp. 590-597, 
DOI: 10.1016/j.conbuildmat.2018.02.149, Elsevier. 
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G.1 Introduction 
Asphalt pavement structures are usually composed of at least two asphalt layers which are 
successively paved and commonly bonded using bituminous tack coat material. The pre-
vailing interface bonding properties highly influence the long-term performance and dura-
bility of asphalt pavements (Tozzo et al., 2014). 
Good bonding between asphalt layers ensures that the layers work as a composite structure 
in order to withstand traffic and environmental loading (Sutanto, 2009). On the other hand, 
poor or missng bonding between asphalt layers can affect the redistribution of stresses and 
strains in the pavement structure, leading to premature failure (Romanoschi and 
Metcalf, 2001). This can result in a slippage cracking of the surface layer, or in loss of 
bearing capacity of the whole pavement structure. 
Interface bonding characteristics in asphalt pavement structures are mostly evaluated using 
monotonic shear test methods, which number has been raised over the years 
(Leutner, 1979; Sholar et al., 2004; Santagata and Canestrari, 2004; Raab and Partl, 2004; 
West, 2005; Tozzo et al., 2014). Usually, the monotonic shear test consists of applying a 
constant shear displacement rate across the layers’ interface, where shear strength is ob-
tained at the peak shearing force. However, it is not clear if the so obtained shear strength 
can be used as an indicator for long-term interface shear performance, because the generat-
ed shear stress is not cyclic. Furthermore, the test results cannot be appropriately used for 
modeling or for mechanistic pavement design purposes. 
In order to overcome disadvantages of monotonic shear testing some research effort has 
been put in the development of more complex cyclic shear tests, which are partially able to 
simulate the field conditions more realistically (Crispino et al., 1997; Carr, 2001; 
Romanoschi and Metcalf, 2001; Sanders, 2001; Diakhate et al., 2011; Gorszczyk and 
Malicki, 2012; Tozzo et al., 2014; Wellner and Hristov, 2016; Isailović et al., 2017). The 
difference between cyclic shear tests is mainly attributed to different interface loading con-
ditions. 
G.2 Objective and research approach 
The objective of this work is to investigate if the shear strength obtained from monotonic 
shear tests can be used as an indicator for the long-term interface shear performance, as 
observed under cycling loading. For that purpose, direct monotonic shear test introduced 
by Leutner (1979), and direct cyclic shear fatigue procedure introduced by Isailović et al. 
(2017) were used. In order to determine the displacement amplitudes for shear fatigue 
tests, cyclic shear amplitude sweep tests were additionally performed. Several pavement 
structures (with different types of bonding) were considered, differing in the asphalt mix-
ture type and tack coat type, and laboratory preparation of the double-layered asphalt spec-
imens. Figure G.1 shows the selected research approach. 
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Figure G.1. Flow chart of the selected research approach. 
G.3 Experimental study  
G.3.1 Material composition and specimen preparation 
Double-layered asphalt specimens for both cyclic and monotonic tests were prepared using 
three different asphalt mixture types: 
 asphalt concrete AC 22 T S with maximum grain size 22 mm, usually used as base 
course material on highly trafficked road pavements, 
 asphalt concrete AC 16 B S with maximum grain size 16 mm, usually used as binder 
course material on highly trafficked road pavements, and  
 stone mastic asphalt SMA 11 S with maximum grain size 11 mm, usually used as 
wearing course material on highly trafficked road pavements. 
Figure G.2 and Table G.1 represent the grain size distribution and composition of the used 
asphalt mixtures respectively. 
Table G.1: Composition of asphalt mixtures 
Characteristic Asphalt mixture type AC 22 T S AC 16 B S SMA 11 S 
Aggregate type limestone basalt basalt 
RAP addition [%] 30 0 0 
Binder type 50/70 25/55-55 25/55-55 
Binder content [%] 4.1 4.7 6.0 
Bulk density [g/cm3] 2.374 2.475 2.461 
Air voids content [%] 7.4 6.5 3.9 
 
Prepare double-layered asphalt mixture specimens under variation 
of asphalt mixture and tack coat type, and laboratory compaction
Compare and evaluate the test results according to the research and 
field experience
Conduct
monotonic shear tests 
at 20 °C
Conduct
cyclic shear amplitude sweep 
tests at 20 °C
Conduct
direct cyclic shear fatigue tests 
at 20 °C
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Figure G.2. Grain size distribution for asphalt mixtures: AC 22 T S, AC 16 B S, and SMA 11 S. 
From these materials double-layered asphalt slabs were fabricated in laboratory in three 
steps using segmented steel roller compaction method (Wistuba, 2014) (Figure G.3): 
(i) compaction of the lower slab layer, (ii) application of the tack coat, and (iii) compaction 
of the upper slab layer after breaking process of tack coat occurred. This compaction pro-
cedure is defined as ‘‘hot over cold” compaction. 
Three types of bituminous interface tack coat materials were used: 
 cationic polymer modified emulsion C60BP1-S with 60 mass% of bitumen content, 
 cationic emulsion U60K with 60 mass% of bitumen content, and 
 cationic emulsion C40BF1-S with 40 mass% of bitumen content. 
 
Figure G.3. Segmented steel roller compaction (left) and description of compaction procedures. 
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Additionally, ”hot over hot” compaction was performed, where lower and upper asphalt 
layers were successively compacted in a short time, without tack coat application (Fig-
ure G.3). The lower slab layer was compacted in displacement controlled pre-compaction 
mode with low energy in order to avoid over-compaction. Consequently, additional com-
paction was provided by immediate compaction of the upper slab layer. For this method a 
better interlocking of the asphalt layers is guaranteed. 
After slab compaction, double-layered samples were drilled from the slabs, with 99 mm 
diameter for cyclic tests and with 150 mm diameter for monotonic tests.  
Based on various asphalt mixture and tack coat types, and laboratory preparation of the 
double-layered asphalt specimens, 10 different bond types were considered in total. Ta-
ble G.2 gives an overview of the applied layer-bond combinations and their composition. 
Table G.2: Combinations of layers and interface tack coat materials and laboratory preparation to 
produce different bond types 
Bond 
type Layer materials 
Laboratory 
preparation 
Emulsion 
type 
Application rate 
of emulsion 
[g/m²] 
Thickness of 
asphalt layers 
[cm] 
A AC 16 B S on 
AC 22 T S 
HOT  
over 
COLD 
C60BP1-S 300 5 cm on 6 cm B C40BF1-S 
C SMA 11 S on 
AC 16 B S 
C60BP1-S 200 4 cm on 5 cm D C40BF1-S 
E AC 22 T S on AC 22 T S U60K 300 
6 cm on 
6 cm 
F AC 22 T S on AC 22 T S 
HOT  
over  
HOT 
- - 
6 cm on 
6 cm 
G AC 16 B S on AC 16 B S 
5 cm on 
5 cm 
H SMA 11 S on SMA 11 S 
4 cm on 
4 cm 
I AC 16 B S on AC 22 T S 
5 cm on 
6 cm 
J SMA 11 S on AC 16 B S 
4 cm on 
5 cm 
 
G.3.2 Monotonic shear test 
Monotonic shear test introduced by Leutner (1979) relies on a simplified shear apparatus 
(see Figure G.4), where one layer of double layered asphalt test sample is fixed during the 
test, and the other layer is loaded vertically in a displacement controlled mode. A constant 
shear displacement rate of 50 mm/min is applied across the layers’ interface until failure. 
The test is performed on a 150 mm diameter core specimen, and at fixed temperature 
of 20 °C.  
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Figure G.4. Monotonic shear test device. 
During the whole test duration, displacement and shear force are continuously recorded 
using a data acquisition system. Shear strength is defined as peak of the shear force 
(cp. τmax, Figure G.5). Usually, two replicates per bond type are tested. 
 
Figure G.5. Shear force over displacement in direct monotonic shear test. 
G.3.3 Cyclic shear fatigue test 
Cyclic shear fatigue procedure used in this study (Isailović et al., 2017) relies on a direct 
shear test, which is actually a cyclic version of the monotonic shear test introduced by 
Leutner (1979). 
The cyclic shear frame is installed in a standard servo-hydraulic testing device. For satis-
factory and precise allocation of the sample inside the frame, the double-layer cylindrical 
specimen is glued within four steel half-shells (see Figure G.6). The gap width that is ex-
posed to direct cyclic shear stress is set to 1 mm. The testing frame is presented in Fig-
ure G.7. 
While one pair of half-shell is fixed during the test, the other pair is loaded vertically in a 
displacement controlled mode. Sinusoidal cyclic shear load is applied at a fixed frequency 
monotonic 
shear load 
monotonic 
shear load 
shear 
interface
Displacement
Sh
ea
r f
or
ce
 
τmax
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of 10 Hz, and at a fixed temperature of 20 °C. For controlling the vertical shear displace-
ment, two strain gauges are attached to both sides of the test frame. 
 
Figure G.6. Double-layered cylindrical specimen glued within four steel half-shells. 
 
  
Figure G.7. Cyclic shear test device. 
During the cyclic shear fatigue test, displacement and force are continuously recorded us-
ing a data acquisition system. Resulting shear stresses are calculated, reading 
𝜏௡ =  
𝐹௡
𝐴௘௙௙
 [MPa], (G.1) 
where: τn = shear stress at the nth cycle [MPa]; Fn = force amplitude at the nth [N], and 
Aff = interface area [mm2]. 
Interface shear stiffness is determined from the ratio between shear stress and relative dis-
placement at the interface, reading 
𝐾௦,௡ =  
𝜏௡
𝑈௡
 [N/mm3], (G.2) 
where: Ks,n = interface shear stiffness at the nth cycle [MPa/mm]; τn = shear stress at the nth 
cycle [MPa], Un = displacement amplitude at the nth cycle [mm]. 
1 mm gap
24 hrs. curing
cyclic 
shear load
LVDT 2
shear 
interface
LVDT 1double layered sample
gap width 1 mm
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Referring to classical fatigue tests performed on asphalt mixtures, a conventional failure 
criterion was used for reporting (Di Benedetto et al., 2004). This is related to the number of 
loading cycles at failure (fatigue life, N50), where 50 % decrease in interface shear stiffness 
occurs. The initial interface shear stiffness is defined at the loading cycle where defined 
displacement amplitude was achieved (approximately after 100 loading cycles). Based on 
fatigue lives at three different shear displacement amplitudes with three test repetitions 
(9 tests in total), the characteristic interface shear fatigue curves were drawn, reading 
𝑈 = 𝐶ଵ ∙ 𝑁ହ଴
஼మ  (G.3) 
where: U = displacement amplitude [mm], N50 = number of loading cycles at failure [-], 
and C1, C2 = function parameters [-]. 
Displacement amplitudes for shear fatigue testing were evaluated in pre-testing procedure 
using an amplitude sweep test (see Figure G.8). This test consists of a stepwise increase of 
the shear displacement amplitude from 0.008 mm to 0.2 mm. Up to 25 loading sequences 
were applied, each consisting of 200 cycles. Based on these test results, a particular dis-
placement amplitude range can be defined, where an effective fatigue evaluation is possi-
ble.  
 
Figure G.8. Principle of amplitude sweep test. 
G.4 Experimental results 
G.4.1 Monotonic shear test 
The mean shear strengths, calculated from two monotonic shear tests are presented in Fig-
ure G.9 for each bond type. According to the test results, a relatively low scattering of test 
results for one bond type is observed. 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0 400 800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800
0.01 0.015
0.02 0.025
0.03 0.035
0.04 0.045
0.05 0.055
0.06 0.065
0.075 0.08
0.085 0.09
0.095 0.1
0.11
0.12
0.13
0.15
0.2
0.008
0.07
Number of loading cycles
D
isp
la
ce
m
en
r
am
pl
itu
de
[m
m
]
151 
 
Figure G.9. Mean shear strengths (from two monotonic shear tests) of considered bond types. 
G.4.2 Cyclic shear fatigue test 
For each bond type employed (cp. Table G.2), two cyclic shear amplitude sweep tests were 
performed.  
Figure G.10 shows one example of amplitude sweep test conducted for bond type I. With 
increasing displacement amplitude, the interface shear stiffness decreases gradually until 
interface bonding failure. The nominal force required for achieving a specific displacement 
amplitude increases up to a maximum limit value, thereafter a significant reduction of 
force is observed.  
The displacement amplitude at which a disproportional sudden drop in force amplitude 
occurs can be considered as a limit for shear fatigue tests (compare vertical dashed line in 
Figure G.10), since this would imply a very short fatigue life. Therefore, the maximum 
displacement amplitude for fatigue tests should be selected in range below the identified 
limit. Consequently, for the amplitude sweep test presented in Figure G.10, the following 
displacement amplitudes were selected for shear fatigue tests: 0.035 mm, 0.05 mm, and 
0.065 mm (cp. Figure G.10). 
In Table G.3 the displacement amplitudes applied for all other bond types are shown. 
Table G.3: Displacement amplitudes applied in shear fatigue tests for all bond types (A-J) 
Bond type  Displacement amplitude [mm] Bond type  Displacement amplitude [mm] 
A 0.01 / 0 025 / 0.05 F 0.02 / 0.03 / 0.045 
B 0.008 / 0.012 / 0.016 (0.017) G 0.025 / 0.04 / 0.06 
C 0.015 / 0.035 / 0.05 H 0.05 / 0.07 / 0.085 
D 0.01 / 0.02 / 0.028 I 0.035 / 0.05 / 0.065 
E 0.01 (0.015) / 0.02 / 0.03 J 0.045 / 0.06 / 0.075 
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Figure G.10. Bond type I: Evolution of the displacement amplitude, interface shear stiffness, and force 
amplitude in cyclic shear amplitude sweep test at 20 °C. 
Figure G.11 (left) represents one example of the interface shear stiffness evolution in shear 
fatigue test, conducted for bond type I at 0.035 mm displacement amplitude. Similarly to 
the conventional fatigue tests, three phases of the stiffness decay can be distinguished 
(Di Benedetto, 2004): initiation phase with a rapid decrease in interface shear stiffness, 
quasi-stationary phase of the interface shear stiffness decay, and propagation phase. After 
the propagation phase, the interface shear stiffness remains at a very low level. This is 
most probably attributed to the residual friction within the layer interface. 
Based on the test results (N50) at three different displacement amplitudes, the characteristic 
interface shear fatigue curve can be drawn (Figure G.11, right). Increased displacement 
amplitude leads to the decreased resulting fatigue life. 
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Figure G.11. Bond type I: evolution of interface shear stiffness in cyclic shear fatigue test at 0.0.35 mm 
displacement amplitude (left), and interface shear fatigue curve obtained from fatigue tests at three 
different displacement amplitudes (right). 
Based on approximately 90 single fatigue tests, the resulting shear fatigue performance 
curves (power functions) and function parameters for all considered bond types were 
drawn (see Figure G.12 and Table G.4, respectively). Regression functions were found 
without considering outliers. 
 
Figure G.12. Resulting shear fatigue curves for all in Table G.2 considered bond types. 
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Table G.4: Resulting power function parameters (k1 and k2) and sum of squares (R2) for all in Ta-
ble G.2 considered bond types 
Power function:  𝑁ହ଴ =  𝑘ଵ ∙ 𝑈ି௞మ   (k1,2 = regression parameters; U = displacement amplitude) 
Bond type k1 k2 R2 Bond type k1 k2 R2 
A 0.1548 2.7628 0.83 F 0.0307 3.4875 0.84 
B 0.0001 3.8226 0.71 G 4.58E-5 6.1773 0.93 
C 0.0095 4.0719 0.88 H 0.0182 4.6049 0.79 
D 2.06E-5 5.0916 0.80 I 1.07E-8 8.9409 0.88 
E 0.0066 3.4356 0.89 J 1.27E-5 7.1653 0.87 
 
G.4.3 Discussion of results 
In order to allow reliable comparison between monotonic and cyclic shear tests used, the 
number of loading cycles at failure N50 = 10000 in cyclic tests is selected, where the corre-
sponding displacement amplitudes were calculated for each bond type.  
Based on resulting shear strengths from monotonic shear tests (lower shear strength im-
plies lower interface bonding), and based on the calculated displacement amplitudes at 
N50 = 10000 from cyclic shear fatigue tests (lower displacement amplitude implies lower 
interface bonding), the considered bond types can be ranked with respect to interface shear 
bonding properties, as proposed in Figure G.13. 
 
Figure G.13. Bond type ranking in monotonic shear test (based on resulting shear strengths) and in 
cyclic shear test (based on calculated displacement amplitudes at N50 = 10000). 
According to the best practise and research experience (Sholar et al., 2004; Muench and 
Moomaw, 2008; Sutanto, 2009) the cyclic shear fatigue test led to expected bond type 
ranking: 
 The ‘‘hot over hot” compacted double-layered asphalt samples show, except for bond 
type F, better interface shear bonding performance when compared to ‘‘hot over cold” 
compaction. This is most probably a consequence of aggregate interlocking effects of 
the two asphalt layers. 
 Because of the smaller nominal maximum aggregate size and better aggregate adjust-
ment, asphalt samples composed of surface and binder course material show higher fa-
tigue resistance compared to bond types composed of binder and base course or just 
B
from weak to good bonding
E A D C F I G J H
B E A D F C I G J H
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shear test
cyclic shear 
fatigue test
same ranking same rankingdifferent ranking
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base course material (compare bond types: J > I > F; C > A; D > B, fabricated with the 
same tack coat material). 
 Bond types with polymer modified tack coat material and with the higher tack coat bi-
tumen content show favourable interface shear bonding performance, if comparing all 
‘‘hot over cold” fabricated bond types (compare bond types: C > D; A > B). 
By comparing the bond type ranking from monotonic and from cyclic shear tests (Fig-
ure G.13), the following conclusions can be drawn. The monotonic shear test can differen-
tiate between some bond variants in range of weak or good interface bonding (Figure G.13, 
bond variants B, E A, and bond variants J, H, respectively), but for some specific material 
and production variations the results are not clear. For example, bond type D shows in 
monotonic shear test similar shear strength compared to bond type C, although low quality 
non-polymer modified tack coat material with only 40 % by mass of bitumen was used. 
Furthermore, better distinguishing between bond variants G, I, J with different nominal 
maximum aggregate size could not be achieved, as good as in cyclic shear fatigue test. 
G.5 Summary and conclusions 
In this study, two methods for evaluation of the interface shear bonding properties of as-
phalt pavement structures were investigated and compared: direct monotonic shear test and 
direct cyclic shear fatigue test. In total, 10 bond types were considered, where asphalt mix-
tures for wearing, binder and base course, three different tack coat types, and two laborato-
ry compaction methods of the double-layered asphalt specimens were employed. 
Based on the numerous tests on bond materials used, the following conclusions can be 
drawn: 
 The resulting shear strength from monotonic shear test cannot reflect the research and 
practice experience in total, as good as results from cyclic shear test. 
 Therefore, shear strength from monotonic shear test can be used only as a rough indi-
cator for long term interface bonding performance, because differences in bond types 
with some specific material and production variations cannot be recognized. 
 The cyclic shear test can be used for interface fatigue (long term) evaluation, with bet-
ter differentiating between particular bond materials. However, since shear fatigue test 
requests extended laboratory effort compared to monotonic shear test, it is not recom-
mended to use it on a routine basis, as long as differentiating between specific bond 
materials in monotonic shear test is assured. Further work is needed in order to im-
prove the results repeatability. 
These findings are based on investigations of limited bond types only, and may be different 
for others. 
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